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SKYLAB

SKYLAB VIBROACOUSTIC TESTING
AN CVERVIEW

G. M. Moseley

Teledyne Brown Engineering
Huntsville, Alabama

Skylab Orbital Worishop and Payload Assembly vibration and
acoustic tests performed at Houston, Texas are discussec. Test
article configurations, ground test objectives, testing constraints,
trsts systems, and the general program are described. Scope of
adational papers to be presented in this series is discussed,

INTRODUCTION

The Skylab program is a manned
orbital scientific space station to be launched
in mid~.1972 in a near-earth orbit up to 235
nautical miles, The 100-ton laboratory com-
plex has multi-purpose scientific investigation
capabilities. The three-man crew, brought to
the orbiting laboratory by an Apollo spacecratt,
wilt carry out more than fifty significant exper-
iments in medicine, science, technology, ~arth
resources, and operations. The first mission
will last up to 28 days, and two subsequent mis.
sions will last up to 56 days each.

In support of the structural designs
and quahifications of Skylab hardware, a ground
test program was conducted at the Manned Space-
craft Center (MSC), Houston, Texas, Vibration
and Acoustic Test Facility (VATF). These
tests, from January 1971 to July 1972, were
late enough in the design of Skylab to allow use
of established structural configurations andwas
early enough in the program to precede most
component qualifications.

A series of cight papers has been pre-
pared covering the Skylab test program at
Houston. This paper is first in the series and
is structured to give an overview of the test
program and will serve as an introduction to
the remaining pap2rs. Paper titles and authors
are listed 1in Table I. These papers report
work done under direction of NASA-Marshall
Space Fhght Center,

This paper discussesin the following

paragraphs objectives of the ground tests, test
configurations, testing constraints, the tests

conducted, and the general scope of the other

papers in the series.

OBJECTIVES OF GROUND TFESTING

The Skylab major structural systems
and components would require testing to verify
structural integrity and satisfactory component
functioning during the programmed life of the
systems. This testing could ke accomplished
on an individual basis with a large number of
small tests designed to impose predetermined
environmental criteria on the specimens, A
more efficient method of tests whereby all
major structural systems and components are
assembled as one unit and testedto prescribed
environmental criteria could provide a less
expensive method of achieving the desired goals.
This latter method was chosen for the Skylab
ground test program.

The test philosophy was to subject the
Skylab system: to a combined vibration and
acoustic test environment that best simulated
actual launch and flight conditions. The sizeof
the available test facilities dictated the testing
be accomplished in three major sections:

J. The orbital workshop

2. The payload assembly consisting
of the airlock miodule, multiple
docking adapter, apollo teiescope
mount, deploynient assembly and
shroud

3. The apollo service module.
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The test objectives, as determined by
the cognizant system contrantor and NASA or-
ganizations, were to simulate the launch vehicie
lift-off and boost, engine cut-o.f, vehicle sepa-
ration environments and math rodel boundary
conditicns, These objectives were met during
a related series of acoustic and vibration tests

, impose . on the major test articles,

Data acquired from these tests were
used for verification of the orbital workchop,
payload assembly and service module structural
integrity and dynamic response characteristics,
The data were also used to evaluate dynamic
response criteria and for dynamic structural
qualification of flight hardware components.

TEST CONFIGURATION

The test procedure followed in testing
of the Orbital Workshop, Payload Assembly,
and Service Module was to perform acoustic
tests in the Manned Spacecraft Center Vibration
and Acoustic Test Facility (MSC VATF) Space-
craft Acoustic Laboratory and then vibration
tests in the MSC VATF Spacecraft Vibration
Laboratory, The scope of this paperis limited
to 2 description of the tests and test articles,
Test details will be covered in other papers of
this series as indicated in Table I,

A. Orbital Workshop

1. Acoustic Tests

The workshop was stacked in the Space-
craft Acoustic Laboratory with the S-IVD aft
interstage andInstrument Unit SA-500D, Appro-
priate acoustic shields closed out both top and
bottom of the stack, Figure 1 is a sketch de-
picting components in the stack and Figure 2 is
a photograph of the stack in the Spacecraft
Acoustic Laboratory.

2, Vibration Tests

For vibration testing t1e workshop was
stacked ir the Spacecraft Vibration Laboratory
on a vibration test fixture, The S-IVBaftinter-
stage and Instrument Unit SA-500D were not
used in this test, Figure 3 is a photograph ot
the Orbital Workshop Spacecraft Vibration
Laboratory stack.

B, Payload Assembly

o 1. Acoustic Tests

Acoustic test hardware for the launch
configuration consisted of the $5-IVB Forward
Skirt with tank dome, Instrument Unit, Fixed
Airlock Shroud, Airlock Module, Multiple
Docking Adapter, Apollo Telescope Mount,
ATM Deployment Assembly, and Payload

Shroud, These components were stacked ver-

tically in the Spacecraft Acoustic Laboratory
reverberant chamber The assembly rested on
pnevmatic casters andwas acoustically sealed
at the floor, Figures 4 and 5 are sketch and
photograph depicting this configuration,

2. Vibration Tests

Stacking was identical for the Payload
Assembly launch configuration vibration testing
performed in the Spacecraft Vibration Labora-
tory. The assemblv rested on a vibration test
fixture used for suspension system attachment
and for force input attach points, Figure 6 is
a pbotograph of this configuration, For orbital
configuration, cthe Payload Shroud was removed,
the Apollo Telescope Mount was placed in the
deployed position, and the Service Module was
added to the stack, The Apollo Telescope
Mount and Service Module were suspended on
individual suspension syster's, Figure 7is a
sketch depicting components in this stack,
Figure 8 is a composite pho“~3raph of the
stacked configuration,

C. Service Moadule

The Service Module was mated with a
Command Module and subjected to both acous-
tic and vibration testing ir the Spacecraft
Vibration Laboratory (Figures 9 and 10), Since
this testing was perfecrmed concur: ently with
installation of the reverberant chamber walls
{the reverberant chamber was used for the first
time to perform the Orbital Workshop test), the
Service Module acoustic testing was conducted
using special ducts to apply the acoustic cnergy
using progressive wave mode of operation, A
special fixture was used for supporting the
Service Module during the acousti: testing, and
a2 mohfied ground support ring mated to four
air springs supperted the Service Modvle for
the vibration testing.

D. Component Tests

B h en a

Com:ponent tests directly applicable to :
the Orbital Workshops Payload Assembly Pro-
gram were conducted in the MSC Spacecraft
Acoustic Laboratory to resoive problems dis-

covered during prior Payload Assembly acous-
tic testing:

-

-

1., The Instrument Unit-Flight Control
Computer was installed in the Pay-
load Assembly stacked in the rever-
berant chamber, Both mass simu-

lated dumimy and enginecring modeis

of the Flight Control Computerwere
tested to acoustical qualification
criteria. A modal survey of the
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Instrument Unit in the area of the
Flight Contrel Computer was also
made ir thiz same configuration,

2. Apollo Telescope Mount/Control
Moment Gyro acoustic tests were
made to assist with Control
Moment Gyro qualificaticns, A
flight type Control Moment Gyro
was mounted on the Apollo Tele-
scope Mount which was stacked
inside the Payload Shroud. The
test article was subjected to ad-
justed acoustical qualification
criteria for the prescribed time,
after which it was to be function-
ally operated for its required life
cycle time,

TEST SYSTEMS

A number of unique systems were
assembled to meet the objectives and constraints
of this program, the most significant of these
systems are:

® Spacecraft Acoustic Laboratory(SAL)

® Automatic Acoustic Control System
for the SAL

® Automatic Modal Tuning and
Analysis System (AMTAS)

® Modal test air springs, ballast
and isolation for high force shaker
systems

e Transient Vibration Control
System

® Acceleration exceedance detectors,

The Spacecraft Acoustic Laboratory
reve-~berant room (47 ft, 4 in. wide, 45 ft, 4in,
deep and 75 ft high) has the capability to acous-
tically excite test vehicles up to 74 ft in height
with high level energy over a wide frequency
range., Approximately 250, 000 watts of acous-
tic power can be provided by the 4500 horse-
power laboratory compressor in conjunction
with -arious horn combinations. Horn. with
25, 5(. 100, 250, and 630 Hz cut-off frequen-
cies w:are used, High and low frequency WAS
-3000 a- ' EPT -200 air modulators were used
to modula‘e 'F  horns.

The 2. tomatic acoustic control system
is a digital ¢« mputer system that adjusts the
acoustic level. s<en by designated controlmicro-
phones strategi "aily spaced around the test
article. The coun rol computer displays this
spectra along with *hLe acceptabie 1/3 octave
band tolerances for \mmediate evaluation by

. e N —— U -

test personnel.

The Automatic Modal Tuning and
Analysis System (AMTAS) was specifically
created for the Skylab modal testing program
to give fast turn around to large quantities of
structural data that otherwise could not be ana-
ly:zed within the required time trame, This
system performed highly interrelated control
and data acquisition functions. A Ceneral
Automation 18/30 digital computer was used for
basic data acquisition and display.

AMTAS <imultaneously controlled as
many as twelve modal shakers each having a
maximum sinusoidal force output of 150 Ib, The
data objective of the system was to provide nor-
malized responses, mode shapes and orthogo-
nality tabulation after each modal tuning run
was completed, These data provided a high
level of confidence in the validity and adequacy
of the test results. AMTAS included a capabil-
ity to protect the test vehicle from excessive
force or motions. Additional details of the
AMTAS and acoustic systems and other testsys-
tems are contained in additional papers in this
series (See Table I).

TESTING CCNSTRAINTS
A, Systems Limitations

Acoustics tests had no systems limi-
tations, Tests were conducted with ample mar-
gin of power to obtain the required spectra.

Vibration testing high force sweeps
were limited in force application due to reaching
the limit of shaker capabilities. This resulted
in lower instrumentation response levels and
therefore resolution was not as good as would
be desired,

Also, suspension system: and shaker
stinger characteristics combined in some cases
to constrain testing, Where vibration sweep
frequencies coincided with natural frequencies
of shaker stingers and shaker suspension sys-
tems, the desired force levels for the sweeps
could not be maintained for fear of failing some
part of the system due to the large displace-
merts encountered,

B. Structural Response and Loads

Flight type structural systems were
included in the test articles and these systems
were protected from overtest condition in both
vibration and acoustic tests by automatic re.
sponse and load limiting systems.
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The vibration response limiting on
certain components and structural systemswas
accomplished thryigh use of properly calibra-
ted accelerometers feeding a monitoring sys-
tem that caused a shaker master control inter-
rup when an established level was exceeded,
The established level was usually !0 percent
lJower than the maximum do-no-exceed level,
The load limiting system operated in much the
same manner with strain gage devices feeding
the monitoring system,

TEST PROGRAM

A chronclogy of the Skylab Vibro
Acoustic Test Program is given to enable the
reader to grasp somewhat the size of the pro-
gram and the enormous amount of data collected
The Orbital Workshop was tested in the Space-
craft Acoustic Laboratory, in February 1971,
to lift-off and boost condition acoustic levels of
151 dB and 149 dB overall sound pressure levels
(OASPL), respectively, Vibration tests in three
mutually perpendicular axes and modal survey
testing were performed in the spacecraft vibra.
tion laboratory, Vibration exciters located
strategically around the workshop were pro-
grammed to give proper loading for force con-
trolled and motion controlled sine sweep tests.
Frenuencies of sweep tests were 5 to 60 Hz for
longitudinal axis and 4 to 20 Hz for lateralaxes.
Modal dwell tests were run at 23 frequencies
determined from the previous sweep tests,
Mechanical impedance test data were acquired
at selected locations for analytical purposes,
Workshop test was corapleted in May 1971,

Payload Assembly testing began in the
Spacecraft Acoustic Laboratory in August 1971,
Lift-off and boost condition acoustic levels of
150 and 153 dB OASPL respectively, were im-
posed on the assembly, Launch configuration
vibration tests in the longitudinal axis were per-
formed in the Spacecraft Vibration Laboratory,
Testing was performed in the same manner as
workshop vibration tests., Modal dwell tests
were run at 40 frequencies determined from
previous sweep tests,

The Payload Assembly Orbital Config-
uration Vibration tests were completed in June
1972, Twelve sweep tests were made for the
purpose of 1dentifying frequencies of possible
modes. Thirty.one separate modes were suc-

cessfully acquired from the orbital configuration
tests,

Two special component tests were run
1n the Spacecraft Acoustic Laboratory as a re-
sult of the previously conducted acoustic tests,
The Instrument Unit/Flight Control Computer

and the Apollo Telescope Mount/Control Mo-
ment Gyro received separate special acoustic
qualificatior tests.

The Flight Control Computer tests
were conducted in October 1971 at the Space-
craft Acoustic Laboratory in the Payload
Assembly launch configuration, Engineering
model and mass simulated Flight Contro! Com-
puters were used to evaluate the proper speci-
fication levets for qualification testing of this
component.

The Apollo Telescope Mount/Control
Moment Gyro special qualification test was con-
ducted April 1972 at the Spacecraft Acoustic
Laboratory with the Apollo Telescope Mount,
installed in the Payload Shroud including double
angle nose cone, A live Control Moment Gyro
was subjected to maximum flight acoustic en-
vironments to determine whether any bearing

or operation problems would occur due to this
environment,

Mechanical Impedance tests conducted
on Payload Assembly components in July 1972
completed the Skylab Orbital Workshop/Paylozad
Assembly testing at MSC,

OTHER PAPERS

A series of seven additional papers
has been prepared to cover the details of de vel-
opment of unique testing equipment, facilities
and computer software required for the exten-

sive Skylab ground test program. Subjects
discussed are:

® Skylab Vibration and Acoustic
Structural Test Systems

® Orbital Workshop Vibroacoustic
Test Program

® Skylab Payload Assembly Vibro-
acoustic Test Program

® Development of an Automatic
Modal Tuning and Analysirs System

for Performing Skylab Modal
Surveys

® Skylab Modal Survey Testing

® Use of Generalized Mass Con-
tributions in Correlation of Test
and Analytical Vibration Modes

® Vibration and Acoustic Tests of
the Reconfigured Service Module
Adapted for Skylab Missions,

Table I contains a list of the Skylab
testing papers prepared for presentation to the
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43rd Shock and Vibration Symposium, Also
included in the table are author's names and
company affiliations,
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FIGURE 2,
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SKYLAB VIBRATION AND ACOUSTIC STRUCTURAL TEST SYSTEMS

James D. Johnston, Jr.
NASA Manned Spacecraft Center

and

Donald L. Kaittle
Northrop Services, Incorporated

A detaile.. description is given of the vibration and acoustic
test sysitems located at the Manned Spacecraft Center, Houston,
Texas , *which were used in dynamic structural evaluation of .he
Skylao Orbital Workshop and Payload Assembiy. The test sys-

tems discussed include those required to impose a nigh level
» syerberant acoustic fiz!d on large test articles and those neces-
sary for high force vibration testing of large, softly suspended

% test articies.

INTRODUCTION

The NASA Skylab is a manned orbital scientific
laboratory scheduled for launch in early 1973, Since
the laur ~t .7 th2 laboratory teads directly into an
ozeral i uni MiISSion without a preceding development
fligh. an extensive strectural dynamic test program
priv o flignt was reguired to assure success of the
Skylab mission. The test program ( described in
References 1, 2, and 3) entailed: (1) high-level a-
coustic testing to qualify the Skylab for resistance
to lift~off noise and ensuing aerodynamic fiuctuating
pressure; (2) nigh~ferce vibration testing to assure
the Skylab ability to withstand booster staging tran-
sients and other low frequency flight phenomena; and
(3} low-ic-ce modal and impedance testing to acquire
data fsr structural analyses. This extensive and
complex testing was performed at the Vibration and
Acoustic Test Facility (VATF ) at the Mannca Space-
c;aft Center, Honston, which nrovided and operated
the test systems necessary to accomplish all of the
Skylab test objectives. Acoustic, vibration, and
instrumentatisn systers of the VATF were developed,
madified, or adapted to reet the test requirements,
and as a result of this effort, the VATF test capa-
bilities are at the forefront of the state-of-the-art for
structural dynamic testing.

This paper chare.:~rizes most of the dynamic test
capabilities of the VATF (Figure 1) by describing its
test laboratories and equipment and, in certain in-
stances, how these i1aboratories and equipment were
applied to Skylab testing. In particular, a nnique
reverberant acoustic chamber with closed-ioop com-
puter control along with the VATF data system used
for acquisition, processing, and display of excitation
and response measurerents is described in "Test
Systems of the Spacecraft Acoustic Laboratory"; a
higii-force vibratior system with versatile excitation,
control, and spacecialt suspension techniques is

17

covered in "Test Systems of the Spacecraft Vibration
Laboratory". Since the scope of this paper is broad,
only the unique, new, or especiaily salient capabil-
ities of the VATF systems for dynamic structur.l
testing have been covered. Furthermore, substantial
effort was devcted to upgradirg VATF modal test
hardware and capabilities, and, due to the wide scope
of this effort, a separate paper (Reference 4) is
devoted to this topic,
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TEST SYSTEMS OF THE SPACECRAFT ACOUSTIC
LABORATORY

BAC'.GROUND

The Skylab acovstic test program objectives
required that a reverbevant sound field be imposed on
each of the two major Skylab components, the Orbital
Workshop (OWS ) and the Payload Assembly (PA), to
simulete the relatively uniform spatial conditions of
both Jaunch acoustic noise and aerodynamic fluctuat-
ing pressure environments. These simulations -
cluded overall sound pressure levels up to absut 158
dB and 155 dB, respectively. Since the most servere
launch roise and 2erodynamic pressures occur at
different flight times and differ in spectral content,
two separate tests were required for each of the two
Skylab components. However, the preceding Apollo
program testing (Reference 5), which was the major
VATF effort priorto Swylab, had employed procressive-
wave acoustic fields to excite test article resgsnses,
For this reason, the facility had not L :2n equipped
with a large reverberant chamber to complement its
extensive inventory of progressive-wave :ixtures. (n
order that the Skylab testing could be achieved with
mnaximum effectiveness, a s itable chamber was
constructed and equipped.

Significant construrtion economy was realized by
building the required reverberant chamber withii the
existing Spacecraft Acoustic l.aboratory tower (Fig~
ure 2 ), The chamber walls were attached to existing
tower structure, so that no new major structure was
necessary. Also, construction of the reverberant
chamber within the tower provided double wail (the
tower outer wall and the reverberant chamber wall)
isolation of the reverberant sound field from laboratory
areas which were occupied by personnel during tests;
thus, the chamber walls and ceiling were made much
lighter than would have been required for noise iso-
lation by only a single chamber wail. Furthermore,
the reverberant chamber made fuil use of existing SAL
tower services and equinment, such as air-conditioning,
exterior doors, test article handling crane and hoist,
electrical power, and noise generating equipment .,

The major SAL test systems are defined here as
the reverberznt chamber together with its spacecraft
handling equipment; the noise generation system which
consists of air modulator noisemakers and an air com-
pressor system for supplying pneumatic power to the
noisemakers; and the acoustic environment control
system which controls noise generation equipment to
produce the necessary acoustic test spectra in the
reverberant chamber. In the following acoustics dis-
cussion, the characteristics of these systems which
pertain to the acoustic test capability of SAL wili be
discussed. The dawa acquisition and processing sys-
tems which complement the test capabilities of the

VATF latoratories are briefly discussed in this part
of the paper.

~ SPACECRAFT ACOQUSTIC
LABORATORY TOWER

- - REMOVABLE CEIUNG

L~ REVERBERANT CHAMBER

OWS TEST ARTICLE

| — DOOR

25-HZ HORN®

COMPRESSOR /'

Figure 2, Configuration of Reverberant Chamber
( * Other Horns Deleted from Hlustration)

'

REVERBERANT CHAMBER

The reverberant chamber used for the Skylab
acoustic tests (Figu.e 2) is a rectangular enclosure
44 .4 x 47,3 x 75 feet high within the SAL tower.
Three of the chamber walls are supported externally
(internal to the tower) by the steel frame structure of
the tower and are smooth and flat on the inside to
minimize potential sound absorbing surface area; the
fourth wall, which coincides with a part of the tower
north wall, has a test article access door 32 feet
wide and 40 feet high and an internal support struc-
ture both of which interrupt flatness of the wall, All
four of the walls are fabricated from 6-~inch thick
precast reinforced concrete panels. Nineteen cir-
cular openings for horns are distributed among the
roon walls; these openings accommodate one 25 Hz
horn, two 50 Hz horns, two 100 Hz horns, and 14
horns for use in the frequency range above 250 Hz,
The chamber ceiling, which utilized work platforms
once employed in the original tower, is wmade in nine
removable pieces 5 feet wide by 49 feet long from
steel beams faced on the chamber side with 1/4~inch
steel plate to achieve a flat inner surface. Floor,
ceiling, and wall surfaces of the chamber are all
sealed with epoxy paint to minimize their sound
absorption.

The reverberant chamber 1s well equipped to
provide the test article handling necessary for access
to the chamber; assemb.y within the chamber, if re-
quired; and positioning on the chamber floor. Test
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articles which exceed the door size of 32 feet wide
by 40 feet high (and can be disassembled ) can be
assembled from components within the chamber with
the use of a 75-ton fixed point hoist and a 5-ton cir~
¢lar bridge crane. The hoist and crane are located
in the tower above and external to the chamber and
can service the chamber when the chamber ceiling is
partially removed. Test article handling and assembly
are expedited by supporting the test article with air
pallets. An air pallet, about 2 feet square and 2~
inches thick, inflated with shop air, can mobilize a
load of saveral tons on a smooth floor. Twelve of
these units were used to facilitate the assembly and
positioning of the Skylab PA ir the chamber, The
use of the 2~inch: thick air pallets rather than a more
cumbersome supporting structure (and dolly ) will per-
mit 2 test article to be almost as tall as the chamber
height, The PA was actually a few inches taller

than the chamber so a 3.5 foot diameter hoie was cut
in the ceiling to ailow the PA nose cone to protiude;
in this case, the use of air pallets minimized the re~-
quired ceiling modification,

NOISE GENERATION

Air modulated sound generators are used in the
reverberant chamber for horn drivers. Five air mod-

ulators each rated at 20,000 acoustic watts output
are used for low frequency (below 300Hz) chamber
excitation; high frequency excitation (300 to 2,000
Hz) is provided by 14 air modulators, each rated at
10,000 acoustic watts output. The SAL air com-
pressor can produce 27,000 SCFM at 30 PSIG.
This flow supplies air for simultaneous operation of
various corbinations of air modulators; for instance,
five low frequency and eight high frequency air mod-
ulators or twn low frequency and 14 high frequency
modulators consume the full compressor capacity.
The SAL air compressor system can also operate
with nitrogen rather than air to reduce high frequency
acoustic absorption and thereby obtain more effective
use of the sound energy in the chamber, as delineated
in a later section, Also, the comoressor provides
virtually unlimited test durations.

ACOUSTIC SPECTRUM CONTROL

Acoustic test spectra generated in the reverberant
chamber are automatically controlled by a closed~-loop
digital computer based system represented schemati~
cally in Figure 3. The control system samples noise
data from up to 30 microphones, compares the average
of these data to a preprogrammed 1/3 octave band
spectrum, and then gives appropriate commands to a

(17 mox)
AMPLIFIER
MICHROPHONE
Noise
MAKER
REVERBERANT CHAMBER (30 max)

y 1373

MULTIPLEXER

7
t % mf%) 1/3 OCTAVE FILTERS
NOISE —
1/3 OCTAVE
SOURCE |
"]  ATTENUATORS RMS DETECTOR
INPUT/QUTPUT GRAPHIC
CONSOLE »| COMPUTER DISPLAY

Figure 3. Diagram of Automatic Acoustic Control System
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set of digital attenuators which reguiate the air
modulator power amplifiers. This system is capable
of simuitaneously shaping and raising the acoustic
spectrum from 10 dB below nominal to the nominal
sound pressure tevel in eight to 20 seconds,

The use of an automatic speclrum shaping system
has proven to be advantageous both in test quaiity and
in manpower utilization, Refinement of the test sound
field has been obtained by basing the acceptability of
a spectrum on the average response of up to 10 micro-
phones (with a capability of 30 ); more microphones
than could be conveniently used without the aid of a
computer. A major improvement in test quality also
results from the fast buildup to full test level of the
computer controlied spectrum shaping, since, there~
by, a test article 15 subjected to only a few seconds
of noise prior to the actual test start, The previously
used manual spectrum shaping procedure, on the other
hand, required extensive undesirable exposure of the
test article to hugh level nontest noise (albeit below
the full test level) to accomplish the iterative proce-
dure of exposing the test article to noise while record-
ing microphone signals, data reduction and analysis,
and subsequent manual adjustments to the individual
air modulator power amplifiers. This entirely manual
operation, which typically spanned several days, has
been replaced by the minimal manual adjustments of
the individual air modulator amplifiers for use with the
digital control system and only seconds for spectrum
buildup to test level.
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REVERBERANT CHAMBER ACOUSTIC
HARA STICS

Modal Properties

At low frequencies in a reverberant chamber
(frequencies below some nominal frequency for which
only a few wave lengths are equal to a typical room
dimension), the acoustic energy available to excite
test articles is largely concentrated at discrete a-
coustic modal frequencies of the chamber. The
frequency locations of these acoustic moedes with
respect to structural modes of the test article are
therefore important, Specifically, the proper exci-
tation of the test structure by acoustic energy requires
that one or more chamber modal frequencies fall within
the modal bandwidth of eash structural response mode.
The bandwidth B for a structural mode is defined as
that frequency band between the modal halfpower
points: B =fy/Q where fg is the mode frequency and
Q s the mode amplification factor. A rectangular
room, such as the SAL reverberant chamber, has
modal frequencies (F|mp) gtven by the formula:

Flmf%“-.l_)z + ﬁ)z +(_£_)2 ]1/2

where !, m, and n have integer values; ¢ is the speed
of sound in feet per second; and L, M, and N are the
room dimensions in feet, All of the calculated modes
below 112Hz (788 modes) are shown in Figure 4,

il psbos i ipnsnicns

40 70 80 90 100 o

FREQUENCY, hertz

Figure 4. Reverberant Chamber Modal Characteristics
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(These calculations assume an air medium at standard
atmospheric conditions.) The modal frequencies are
indicated on the abcissa of the modal plot by vertical
lmes. The height of each line is proporticnal to the
sum of the two frequency ¢paces between the indicated
mode and its nearest neighboring mode on each side;
thus, the line heights give an indication of the uni~
formity of modal spacing. The figure shows that the
average modal density of the revetberart chamber is
good enough in all 1/3 octave frequency bands above
the 20 Hz band to excite typical structural modes
which have Q's ot 50 or less.

Chamber Absomtion

As previously mentioned, witrogen or air can be
used as the acoustic medium in the reverberant cham-
ber. Nitrogen, which provides greater sound pressures
in the high frequency range for a given acoustic power
input to the reverberant room, is introduced into the
compressed air loop by bleeding off air from the com-
pressor return line and using dry nitrogen stored in
gaseous form as the makeup supply until the desired
nitrogen cortent 1s achieved. The effect of nitrogen
content on the absorption of sound ir the chamber is
shown in Figure 5 which compares the chamber sound

absorption in air to the sound absorption after most of
the oxygen in air has been replaced by nitrogen (the
gas is 95.5% nitrogen), As expected, these data
show no significant difference in absorption below
400 Hz, but above 400 Hz, 1t can be seen that the
benefits of replacing the oxygen in air with nitrogen
increase with frequency. The effect of these absorp-
tion data on the generation of a sound spectrum is
shown in Figura 6. T'e same input power to the room
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was used to generate both spectra, but the high fre-
quencies are enhanced in the acoustic medium with
oxygen replaced by nitrogen,

Spectral Flexibility

Two spectra generated in an air environment with=-
in the empty reverberant chamber in preparation for the
Skylab tests are shown in Figure 7. One can see
from these spectra that the SAL systems have a high
sound generation capability for spectra which peak
at high or low frequencies. Both of the spectra of
Figure 7 were generated with the use of a mixture of
high and low frequency air modulators and horns, were
obtained with air, and are representative of Skylab
test conditions.

DATA SYSTEMS

A Central Data Acquisition System (represented
schematically in Figure 8), located between the Vi~
sration and Acoustic Control Rooms, supports the
VATF laboratories in Building 49 (Figure 1 ). The
acquisition capacity consists of 312 channels of 0
to 2,500 Hz data recorded on four FM multiplexed
tape recorder subsystems and 91 channels of O to
20,000 Hz data recorded on seven FM Simplex tape
recorder subsystems, During a test, limited real-

time information in raw form can be displayed on
oscillographs, oscilloscopes, and meters paralieled
with data recording systems .
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Figure 7. Acoustic Spectra Shaped Automatically in
the SAL Reverberant Chamber
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Bulk data processing is performed using digital
techniques at the MSC central computer complex, The
processing for both random and sinusoidal waveform
records is based on fast-Fourier-transform algorithms,
and the data can be displayed in a wide variety of for-
mats (e.g., power spectral density, 1/3 OB spectro-
gram, amplitude/phase vs frequency, force-normalized
coincident and quadrature acceleration vs frequency,
etc.). For quick-look test visibility, limited data
are processed at VATF by analog methods; for in-
stance, twelve 1/3 octave spectrograms or Six power
spectral density plots per hour can be produced.

This broad range of data acquisition and reduction
capabilities permits fulf realization of the state-of -
the-art testing potential inherent in VATF.

TEST SYSTEMS OF THE SPACECRAFT VIBRA~
TION LABORATORY

BACKGROUND

The Skylab vibration test program required test-
ing of the spacecraft in two sections, the Orbital
Workshop and the Payload Assembly; the PA was re-
quired to be tested in two configurations, launch and
orbital (shroud removed, Apolio Telescope Mount
(AMT) deployed, and Command and Service Modules
{CSM) docked.) Testing of the OWS consisted of
low-level and high~level programmed-motion sine
sweeps. Excitation of the PA in the launch confi-
guration consisted of low-level constant force sine
sweeps, high-level damped-sinusoidal transients,
and a modal survey, Vibration testing in the orbital
configuration consisted of a modal survey only. The
spacecraft were oriented with the longitudinal (flight)
axis vertical, except that the Apollo Telescope Mount
was deployed 90 degrees to a horizontal attitude in
the orbital configuration. The maximum vertical di-
mension for these spacecraft was 76 feet for the Pay-
load Assembly (launch configuration), and the maxi-
mum horizontal dimension was 40 feet for the PA with
the ATM deployed. Approximate weights of the test
articles were 60,000 pounds for the OWS, 110,000
pounds for the PA, and 120,000 pounds for the
combined PA and CSM in tha orbital configuration.
This section describes the test systems of the Space-
carft Vibration Laboratory which were utiiized to
perform the high-force testing and also describes the
suspension of the PA in the orbital configuration,
{Modal survey testing in that configuration is de~
scribed in Reference 6.) The test systems of the
SVL may be conveniently divided into four parts:
the vibration tower, the spacecraft suspension sys-
tems, the spacecraft excitation system, and the
vibration control system. Brief descriptions of these
systems and explanations of how they were utilized
for the Skylab testing are presented in the following
paragraphs .
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VIBRATION TOWER

The Spacecraft Vibration Laboratory, in which
Skylab vibration testing was performed, consists of
a vertical test tower, spacecraft suspension systems,
high~force excitation systems, control and monitor-
ing systems, and auxiliary equipment. The overall
size of the tower is 60 feet square by 106 feet
high, and it contains a test space 37 by 47 feet
that has a vertical clearance of 93 feet. Spacecraft
installation is accommodated by a main door clear~
ance 32 feet wide by 40 feet high; a fixed 75-ton
hoist, plus two bridge cranes of 10 and 20~ton capa-
city, respectively, provide for the handling of space-
craft and heavy equipment. Fixed platforms of 10
foot vertical intervals, starting at the 15 foot eleva~-
tion, line the test space on three sides and provide
for test hardware support and personnel access., Full
and intermechate length movable platforms are pro-
vided for support and additional access within the
test space. The tower is air-conditioned and con-
nections for lighting, electrical power, air, water,
instrumentation, intercom, and closed-circuit tele-
vision are distributed throughout the laboratory, These
support systems are operated in conjunction with the
special test systems described in the following sec-
tions to perform spacecraft vibration testing.

SPACECRAFT SUSPENSION SYSTEMS

Suspension systems for the Skylab spacecraft
were selected on the basis of spacecraft weight and
geometry, vibration displacement and frequency range,
and hardware availability. The Orbital Workshop test
article weighed 77,000 pounds including force fix-
tures, was 22 feet in diameter by 40 feet high, and
had a CG (center of gravity) at the geometric center.
The Payload Assembly (launch configuration) weighed
123,000 pounds including fixtures, had a diameter
of 22 feet and overall height of 76 feet, and had a
CG 33 feet high. The Payload Assembly in the
orbital configuration weighed a total of 130,000
pounds including the Command and Service Modules.
High~force and modal vibration test specifications
required that the test articles be freely supported
with one inch displacement capability for high-force
testing and three inch displacement clearance for
modal testing. To minimize the influence of the
supporting system, the suspension resonance fre-
quencies were required to be below one and one-half
hertz for the OWS and below one hertz for the PA,
while damping was limited to five percent of critical
with one percent dasirable.

Two basic types of suspension were available
in the SVL,; hydrostatic bearings and pneumatic
springs. Bearings are employed when test article
motion must be constrained to uniaxial translation,
and springs are used primarily for free~free support;
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however, the two types may be used together for
special requirements. Pneumatic springs were avail-
able in two configurations; first, bellows of reinforced
rubber; second, stee! piston assemblies with rolling
rubber diaphragm seals. The bellows type is suitable
primarity for underneath support, while the piston
asseniblies are designed for overhead suspension, Both
of these spring types provide low spring rates in the
vertical direction and the bellows type is soft hori-
zontally, as well, However, the piston units are
very stiff in the horizontal plane and must be used in
conjunction with suitable pendulum attachments to the
spacecraft if lateral freedom is desired. The require~
ments given above led to the use of air spring suspen-
sion and both available types of pneumatic springs in
three separate configurations were utilized. Free-
free suspension with sufficient stability to omit
snubbers or cable restraints was achieved in all three
setups.

The moderate weight and CG height of the Orbital
Workshop permitted the selection of bellows air sprinys
ir a simole underneath support configuration, The
OWS was mated to an existing ring fixture which was
supported by four springs as shown in Figure 9, Each

Figure 9. Orbital Workshop Suspension
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of the four springs consisted of one double-convolu-
tion commercially fzbricated rubber element; this item
was attached to an integral orifice/plenum assembly
which was mounted on a support stand; the stands
also provided hard support for the spacecralt when
the springs were deflated. The vertical resonance
frequency attained by this combination was 1.1 Hz
and the stability ratio (which is defined as the ratio
of restoring moment to overturning moment)was 4.6,
Suspension characteristics of this and the other two
configurations are summarized in Table 1,

Suspension of the Fayload Assembly in the two
configurations introduced some new considerations.,
The high vertical CG of the launch configuration re-
quired a support with either an extended base radius
or an increased spring rate to provide sufficient static
stability for underneath support. The extended radius
was structurally undesirable and the increased spring
rate would result in a resonance frequency higher
than the specified limit; Furthermore, it was de-
sirable to use as much common spring hardware as
possible for the two PA configurations, and to have
nearly identical spring characteristics for each of the
three spacecraft assemblies in the orbital configur~
ation. The spring rate of an aijr spring is propor-
tional to the abs»lute air pressure and inversely
proportional to the volume according to the relation

K = _!_AEE__

Vv
where K is the spring rate, A is the effective piston
area, P is the absolute pressure, V is the volume,
and ¥ is the ratio of specific heats ( ¥ is 1.4 for
air), The absolute pressure required to support a
given load, W, is given by

where Patm is the atmospheric pressure. When the
load, W, is fixed and the resonance frequency is
limited (as was the case for the PA spacecraft ),
then it 1s extremely desirable to be able to change
both the piston area and the volume of the air springs.
The area is then selected to obtain a reasonable
working pressure, and the volume is adjusted to
obtain the desired resonance frequency. The exist~
ing VATF piston air springs were modified to allow
incremental changes to the piston area and to pro-
vide continuously adjustable volumes. The variable
area was achieved by installing 10 cylinders on the
plenum tank such that any even number of pistons
from two to 10 might be used according to the load.
At a nominal working pressure of 100 PSIG, each
assembly could be set up to support any load from
10,000 to 50,000 pounds. The volume change

in che horizontal cylindrical plenum tank was accom-
modated by provisions for partially filling the tank
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TABLE 1. CHARACTERISTICS OF THE OWS AND PA SUSPENSICH SYSTEM

PARAMETER ows PA
Launch Config Orbital Configurotion
Bose Assembly Apollo Telescope Mount | Csm
Degrees of freedom Six Six Six Six Six
Type of suspension Undemeath, Overhead, piston Overhead, piston Overhead, prston Overheod, piston
bellows arr o springs/pend=- air springs‘pend= oir sp.ings ‘pend- air springs pend-
springs Tun, lum lum ulym
Number of springs Four Three Three One One
Total supported weight 77,000 1 123,000 ib 78,000 Ib 25,515 29,000 1
Operating air pressure 70 psig 82-94 psig 87-103 psig 87 puy 107 psig
Resononce frequency:
verhical transtotion 1.1 Hz 0.75 Hz 0.5 Hz 0.5 Kz 0.5 Hz
horizontal translation 0.3 Hz 0.3 Hz 0.3 Hz 0.25 Hz 0.3 Hz
Domping ratio,, vertical Less than 1% | Approx 2% Approx 2% Approx 2% Approx 2%
Stability ratio * 4.6 19 Not Applicable Not Applicable Not Appliccble

* Ratio of restoring moment to unbalance moment,

with hydraulic oil, The total volume is 39,000
cubic inches and this may be reduced to 13,000
cubic inches by adding 113 gallons of oil. There-
fore, a volume change and consequent spring rate

change of about three to one may be effected. Accerd-

ingly, five of the piston air springs were so modified
and utilized with the PA spacecraft, Three of these
assemblies with 10 pistons each were setup to sus-
pend the PA in the launch configuration shown in
Figure 10. The PA was mated to the same ring
finture used with the OWS, and the fixture was sus-
pended on 104-inch long pendulum rods attached to
short outriggers on the ring, Note that a load cell
was inserted ir each pendulum assembly to obtain
the load on each spring. The three spring plenums
were filled with calculated quantities of oil to obtain
the same resonance frequency.

Five air spring assemblies {piston type ) were
required for suspension of the PA and CSM in the

otbital configuration as seen in Figure 11. The space-

craft were supported as three subassembhies: the
fower subassembly was hung on three springs i the
same manner as the launch configuration vehicle, but
only six | istons per spring were required; the CSM
and the ATM subassemblies were each suspended from
single springs also fitted with six pistons, and the
spring plenum volumes were adjusted to provide iden-
tical resonance frequencies for each subascembly,
After mating of the three spacecraft components, the
suspension of the combined assembly was essentially
operated as a single system, Charactenstics of the
suspension systems for the PA in both launch and

Figure 10. Payload Assembly Laurch Configu-
ration suspension.
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Assembly, Orbital Configuration

orbital configurations are given in Table 1. In the
three configurations, each air spring assembly could
be operated manually at a focal control panel and
could be operated manually or automatically from the
control room, Automatic operation utilized individual
closed=loop control of the spacecraft elevation at
each spring. Linear | .tentiometers were used as
sensors and solenoid valves were used as control
elements. The solenoid valves were driven in a ran-
dom sequence to prevent rythmic interaction of the
springs. Automatic operation of the suspensicns
maintained the mean spacecraft position within 0,05~
inch,

SPACECRAFT EXCITATION SYSTEM

The vibration test specifications for the Skylab
spacecraft required excitation within the frequency
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band from three to 60 Hz, displacements up to 0.5~
inch double amplitude, acceleration up to 3.6 g peak,
and maximum calculated forces of 100,000 pounds,
The spacecraft excitation system of the SVL includes
eight thrusters (electrodynamic shakers equipped for
single point force attachment) each rated at 10,000
force pounds continuous output, three power amplifiers
rated 175kva each, and a central switchiny console
capable of establishing all useful combinaticns of
series and parallel thruster/amplifier connections.

Eight thrusters were utilized for longitudinal
excitation of the OWS and six in each of two laterai
axes, Since neither inertial mass nor structural stiff-
ness was available to react thruster ferces within the
test frequency range, the thruster massas were aug-
mei:ted with steel billets attached to the field struc-
ture, and those inertial assemblies were isolated from
the facility floor and structure. For vertical operation,
eight thrusters were mated in pairs with six-inch thick
steel billets into assemblies weighing 30, 000 pounds
as shown in Figure 12. These assemblies were iso-
lated from the floor by air spring units which had
mechanical position control valves. For horizontal
operation, shown in Figure 13, six thrusters were
individually increased in weight from 4,000 to
8,000 pounds, and each assembly was mounted on
a modified support base which utilized four linear
ball bushings on twin horizontal shafts in a cast
steel base, The thruster body with the augmenting
steel billets was free to slide along the shafts in the
direction of thrust, thus isolating vibration forces
from the tower structure. Thrusters were driven in
series to aid in obtaining uniform amplitude and phase
of excitation forces; actual force amplitudes which
were required for Skylab testing varied from 200 to
12,000 force pounds per thruster with one, two or
three series-connected power amplifiers used as
required.

VIBRATION CONTROL SYSTEMS

Skylab test specifications required the imple-~
mentation of a number of control system configurations,
For the sinusoidal, fixed and swept frequency tests,
automatic control of input force for constant force
tests, and automatic programmed control of input
motion for the launch and boost simulation were re-~
quired. Maximum allowable acceleration ampiitudes
at selected locations on the spacecraft were specified
for all tests and the input force was required to he
limited to preclude exceedance of th2se amplitudes.
(For the damped sinusoidal transient tests, the space~
craft response limiting requirements were deleted,)

~
e B pbie.

Figure 14 shows the SVL control room located
on the second level immediately adjacent to the tower. '
Standard and special equipment are avaitable for *
generation and control (automatic or manual) of sinu-
soidal, random, and transient excitation, and for
monitoring test article response and tesi system status.
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Figure 12. Vibration Isolated, Vertical, Dual Thruster Assembly

Figure 13. Vibration Isolated, Horzontal, Single-Thruster Assemblies
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Figure 14. Spacecraft Vibration Laboratory Control Room

This equipment may be easily configured by patching
and switching into systems capable of satisfying com=-
plex test requiremencs, such as those of the Skylab
program. The equipment was configured as shown in

Figure 15 for vibration testing of the Orbital Workshop.

For constant force testing, excitation force signals
(not shown in the figure ) were fed to the maximum
level selector and the maximum signal was used for
automatic control. Exploratory tests resulted in
switching of control to spacecraft response motion in
certain frequency regions. Force levels and limiting
response amplitudes were adjusted and a successful
constant force sweep was attained. Analysis re~
vealed that the eioht thruster force amplitudes and
phases were nearly identical. For the programmed
input motion tests of the OWS, 23 input and response
motion signals (acceleration) were filtered and
weighted and fed to the maximum level selector. The
selected signal was programmed and fed to the servo
controlier. Six additional motion signals, selected
to represent cross-axis motion, were fed to a multi-
channel limit detector which was connected to effect
an abort upon the detection of any limit exceedance,
Figure 16 shows how the system performed during
the OWS test. Note that servo control was excelleat
and that spacecraft response was actively controiling
the input excitation at most frequencies above 12 Hz,
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For the PA tests, constant force input sine
sweeps were contralled by instantaneous summing of
the eight force signals and filtering out the funda-
mental total force as the control signal. Spacecraft
response motion at 23 locations was continuously
compared with pre-established limit amplitudes, with
an automatic abort for any limit exceedance as a
mandatory action.

For simulating booster cutoff and separation
excitation, the Payload Assembly was also subjected
to dareped sinusoidal transient excitation using the
control system shown in Figure 17. The transient
signal was generated by modulating the amplitude of
a sinusoidal signal. Control was open-~leop and
proper amplitude was established by determining the
response/excitation transfer function at low level.
Two to four iterations were required at each of the
nine specified frequencies to attain the required peak
acceleration amplitude. Examples of typical transient
excitation and spacecraft response are presented in
Figure 18.

CONCLUDING REMARKS

A major test capability was developed at the
Vibration and Ac. i~ Test Facility (VATF ) to
meet the needs of tne “ n; snrap for dynamic

it
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Figure 17. Transient Excitation System for Payload Assembly Vibration
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structural evaluation of the OWS and the PA. The
structural effe~ts of the severe high frequency (approxi-
mately 40 to 4,000Hz) portions of mission environ-
ments, such as hift-off acoustics and aerodynamic
fluctuating pressures, n the Skylab spacecraft were
determined by tests in the Spacecraft Acoustic Labora-
tory (SAL ) reverberant charber. The ability of the
Skylab hardware to withstand the vibrations induced

during 'aunch and boost by staging transients, rough
fuel burn, wind loads, and other low-frequency pheno-
mena was determined by high force testing in the
Spacecraft Vibration Laboratory (SVL). This paper
has described the wide-ranging, state-of-the-art,
capabilities of the SAL, the SVL, and their comple-
mentary data acquisition and reduction systems; all of
these VATF capabilities contributed significantly to
the success of the Skylab structural evaluation program,
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DISCUSSION

Mr. Arthur (Acrojet Propulsion Co.): On
your acoustic testing program, how do you
determine the wrodal density of that acoustic
chamber?

Mr. Dorland (NASA Manned Spacecraft Ctr.):
The plot that vou saw was of analytical results
calculated for a rectang:lar rocm. We attempt-
ed to get an experimental verificacion of that
but we never could because the modes in prac-
tice always tended te be smeared out and less
distinct than shown here. This is a more
rigorous measure of the success,or lack of 1t,
of being able to mee: the criteria.
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Mr, Schell (Shock and vibration Inforsation
Center): You showed by your control acceler-
ometers that vou didn't allow overtesting at
certain points. Tt occurs to me that there
might be other points on the structures which
should be getting a much higher input during
the test. Wouldn't this therefore result in
an undertest at certain other points?

Mr. Dorlard: This was a source »f endless
hours «f debate on philosophy and rationale.
The upshot of it was that we felt that we had
to control on the weakest condition or on the
1tem that was most resonant. We alsc had a
criteria that the test level had to raintain a
certain minimum value, which 1t alwavs dad,

We never had to face the issue what as to
would have happened 1f 1t hadn't.
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ORBITAL WORKSHOP VIBROACQUSTIC
TEST PROGRAM

W. H, Keller and E. Yoshida
McDonnell Douglas Astronautics Company
McDonnel! Douglas Corporation
Huntington Beach, California

Acoustic and low frequency smusordal vibration tests were performed on the O:btal
Workshop Dynamuc Test Article, a full-scale, ligh fidehity flight article simulation, we:ghing
approximately 80.000 pounds. The test control techniques, results, and use of data to verify
compoaent qualification test criteria and analytical models are described.

INTROCUCTION

Acoustic and low frequency sinusoidal vibration tests were
performed on the Orbital Workshii p Dynamic Test Article, a
tull-scale, high fidehty flhight article simulation weighing
approximately 80.000 Ib. Testing of the Dynamc Test Article
(DTA) was conducted in two phases In the first phase, acoustic
tests were conducted in which the maximum sound pressures and
resulting random vibration responses were produced to simulate
environment of the Orbital Workshop (OWS) duning 1'ftoff and
boost. In the second phase. low frequency sinusoidal vitiation
tests were conducted to obtain modal responge data and to
produce the maximum transient response to simulate
environmen: of the OWS dunng launch, engine cutoff, and stage
separation. A two-volume report {1} covers each test phase.

TEST OBJECTIVES AND TEST SPECIMEN
The objectives of the DTA test program were to.

A. Venfy acoustically induced vibra on design and test
criteria  previously  selected fo  components and
subsystems

B. Demonstrate structural integrity of bracketry and
secondary structure exposed to launch acoustic and
vibration environments and transient loads dunng
staging

C. Venfy analytical modcls used for dynamic load
analyses

The DTA was a fullscale, high fidehity stnusavson of the
OWS flight stage structure, which 1s shown in Fig. 1. The DTA
was assembled from previously Huilt tankage and skirt sections
The tankage came from the Facihities Checkout Vehicle. The
forward and aft skirts had been used on the Saturn S-IVB/V High
Force Vibration Test Program,

Secondary structure and brackets were of a configuration to
provide proper stiffness, strength, and geometry to the flight
hardware. All components mounted on brackets, panels, basic
structure, and isolators were mass stmulated. Weights of the mass
stmulations were defined by the existing weight mathematical
model for the OWS {2]. Fig. 2 and 3 show some typical
comporn nt stmulations In Table 1 are presented baseline mass
simulation requirements for components These values provided
imtial gurdelings and values and were subject to negotiation on an

O o
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individual component basis if significant cost or schedule impacts
became apparent The mass of plumbing and winng was
integrated and added to the associated equipment mass
substitutes except for hnes greater than 2-in. in diameter or wire
runs greater than l-in. 1n diameter in which stiffness and/or mass
might sigmficantly affect dynammc response. In such cases,
production line atta.hments and terminals were mstalled

Some of the major components which were simulated are as
follows

Item Weight (Ib) Remarks

Solar Array 2,160 (each) Simulated mass, center
of gravity, and
stiffness

Radiator 436 Simulated mass and
center of gravity

Film Vault 2,993 Simulated niass and
center of gravity

Water Contamer 909 Filled with tap water

Power Distnbution 741
Dusplay Console

Simulated mass and
stiffness

Thruster Attitude 150 (cach) Simulated mass and
Control System center of gravity
Sphere

ACCUSTIC TEST

Acoustic testing was conducted at the Manned Spacecraft
Center 1n Houston, Texas during February 1971. The volume of
the 60- by 70- by 105-ft reverberant acoustic test chamber (the
Spacecraft Acoustic Laboratory) had to be reduced to attain the
sound pressure levels specified for the DTA To accomplish thus,
a prestressed concrete chamber was fabnicated inside the original
facihity. The new chamber size was 46- by 49- by 75-ft (Fig 4)
To permit achievernent of the required DTA spectrums in the
new acoustic test chamber, special acoustic horns were designed,
buiit, and mstalled WAS-300 and £PT-200 air modulators were
coupleu to the horns.

The test spectmen ncluded 2 mass simulated 1BM
Instrument Umit, the Dynanne Test Article, and a Saturn
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Figure 1 Cutaway View of the Orbital Workshop

Figure 3 Dynamic Test Article Forward Compartment Simulation

Figure 2 Dynamic Test Article Crew Quasters Simulation
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Table 1

DYNAMIC 1EST ARTICLE MASS SIMULATION REQUIREMENTS AND TOLERANCES

Ttems weighing less than 1 1b should be mtegrated n tire basie pane! sunudation with the total weight within the tolerance noted

Component Category Simulation Parameter
G Moment of Inertia Moment of Inertia
(Reference {Reference (Reference

Weight Component) Installation) Component)

tndividual items mounted on display or equipment panels
For items weighmg less (totah N/A N/A N/A
than 1 lb* +10%
For items weighing 1 0 (indwvidual) N/A N/A N'A
t0 10.01b +0.5-1b
For stems weighing 0% +57 of component 210% N/A
more than 10 Ib dimenston or 20 254n ,

whuchever s greater
Assemblics and components on brackets, baste structure, or 1solators

For 1tems weighing less +10% or 0 5-1b, N/A N/A N/A
than 20 Ib whichever 1s

greater
For items weighing *10% +5% of component N/A N/A
between 20 1b and dimension or £0 25.n ,
100 1b whuchiever is greater
For items weighing 5% Same as above +10% 0%
more than 100 1b
*For equpment panels tolerance on total weight on panel not to exceed 20 5 Ib or £10%, wiuchever is greater

S-IVB/V aft wterstage structure (Fig 5) The habitation and
waste tanks were pressunized at 8+ 05 psid throughout the
acotistic tests Acoustic closeouts which provided at least a 15 dB
overall noise reduction were mstalled torward of the Instrument
Umt and aft of the aft interstage  The forward closeout was made
of 1/4n steel plates and the aft was made ot wooden sheets
spaced approximately 6 . apart and filled with sand Rubber
tires were utihized to 1solate the test specimen from the chamber
floor The acoustic st specimen was nstrumented with 200
accelerometers, 19 dynamic stran gages, and 18 mucrophones
An adaitional 10 microphones were located in the reverberant
chamber

The ntent of the acoustic tests was to sunulate the
maximum sound pressure levels expected duning Lftoff and
boost The maximum expected levels are represented by the OWS
deoustic quahification test critenia, winch are based on measured
Saturn V data {3-6] with a factor of salety added (Fig 6)
However, structural vibration can he more etticiently iduced in
a fevesberant acoustic chamber than m a tree field or theht
sttuation (71 It was therefore necessary to determine the degree
of this efficiency tor the DTA chamber and to adjust test critera
accordmgly The tollowing procedure was used

Nine vibration and two acoustic measurements were made
uvn the DTA which were identical in tnstallation to past Soturn
flight measurements, and which, tn structural areas where the
least amount of difference between flight and DTA dynamic
respoanse was expected These measurements were nn the forward
and aft skirts The ratio of vibration level to acoustic level :n eash
1/3 octave band was calculated frora flight data. For the sane
measurement location on the DTA, the vibration/acoust.c level
ratio was determined fiom DTA test data taken aunng a
low-le sel acoustic run. The degree of test chamber efficiency was
determined by subtracting the DTA vibration/acoustie ratios
from thz flight data ratios The acoustic quahification test level
was then lowered by thus difference.

The following equatio: was used to calculate the
vibration/acoustic ratios or transter functson< (TF) n dB tor
one-third octave bandwidths

fgret
P/Pref

TF = 20 Log

20 Log «ferel) 20 Log (P/Preh)
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SPACECRAFT ACOUSTIC LABORATORY

REVERBERANT
CHAMBER

ORBITAL WORKSHQP
CYNAMIC TEST ARYICLE

COMPRESSOR ROOM

Figure 4 Spacecraft Acoustic Laboratory

where
g = vibration amplitude, rm's
gref=10grms

20 Log (P/Pref) = Sound pressure lcvjcl (SPLy n dB
tre 2 x 1079 N/m?)

therefore
TF = 20 Log(y) - SPL

A companson of typical fight and DTA transfer functions
1s shown r Fig 7. The test chamber etficiency factor was
defined as the difference between the DTA and flight transfer
functions Only three of the nine flight measurements were
ultimately used m companng transfer functions to determire the
average efficiency factor Selection of the tiree measurements
was based on directional sensitivity of snstrumentation to the
acoustic envnonment and a mimmum amount of scatter in the
data, The plotted powmts on Fig 8 are the average delta decibel
(dB) difference between DTA and flight transfer functions, using
tiie three noted measurcments The smoothed curves on these
plots define the final efficiency factors used to correct the
quahification level acoustic specafication for the tests

The efficiency factors were apphed to the OWS acoustic
cntesta to obtain the adjusted DTA test levels shown m Fig 9
The outputs of mine microphones lociated on the surface of the
test specimen were averaged and used to control the adjusted test
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Figure 5. Dynamic Tast Article Acoustic Test Specimen

levels The acoustic control system utihzed a digitaj computer
operated 1n an automatic closed loop mode to fully control the
test levels to within plus or minus 2 dB In the automatic closed
loop mode, the computer would first sample the 1/3 octave band
levels from two microphones, which were determined to be
stable and generally representative of all the microphones If
necessary, the outputs of the appropriate noise gencrators were
automatically vaned until the average of the two mucrophones
reached the preset dB level (for example, —9 dB below the final
levels) At this pont the computer would sample all nine
microphones and modify the outputs of the appropriate noise
generators until the average of all nine microphones were within
£2 dB of the specified level The final acoustic test spectra are
also shown 1n Fig. 9.

Durations of the fuil power hiftoff level and boost level tests
were l-min. and 2-mun, respecuvely The DTA was inspected
after the compietion of each full level test run There were no
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structural faures dunng the acoustic tests Several munor
anomages were encouniered which were primarily attributed to
differences between the actual flight hardware and the simulated
hardware used 1 the DTA. Examples of anomalies were
Description Disposition

Seven mass stmulators became
loose

Production drawings specify use
of self-locking bolts

Mounting boits of four units
backed off from torque
alignment markers

Production drawings specify use
of proper torquing techmques
and proper self-locking fasteners

The DTA wvibration data were reduced to acceleration
spectral density plots and were cvaluated by a jont McDounell
Douglas and Marshall Space Flight Center review team to
determine adequacy of the existing OWS vibration specifications
Where sigmiftcant differences were found between the data and
the original criteria [8). the criteria were revised (9] The critena
were rased 10 6 (11 percent) of the environmental subzones and
unchanged 1n 14 (27 percent) of the subzones In 33 (62 percent)
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of the subzones, the criteria were lowered, resulting primanly
from lowering the “in-plane” criternia for afl shell structure
subzones These criteria nad previously been conservatively
defined to be 3 dB below the test levels in a direction normal to
the shell surface; DTA data allowed a greater reduction. Twenty
new subzones resulted directly from DTA data Many of these
were generated to deline vibration test levels for specific
components. rather than use the more general subzone
spearfication. The DTA mass sumulatiors of these components
were specifically instrumented for this purpose. The habitation
tank nternal acoustic c¢nteria were lowered by applying
calculated DTA noise reductions to the external acoustic
specification  These changes 1n test cnteria were made before
qualification tests were performed with the exception of the
habitation tank scaling device: however, no requalification of this
sealing device was required because a functional sealing device
was tested 1n position on the DTA and this device passed special
post-DTA leakage tests Fig 10 shows a tvpical companson of
the DTA data with the OWS critena.

LOW FREQUENCY VIBRATION TEST

Vibration testing was conducted at the Manned Spacecraft
Center 1 the Spacecraft Vibration Laboratory The excitation
system consisted of Ling Model 310 vibration thrusters, cach
with a force rating of 10,000 Ib. Eight thrusters were used in the
longitudinal axis as shown in Fig. 11. In the lateral axis tests, six
thrusters (3 2ft and 3 forward) were utilized as shown in Fig 12
and 13. The thruster armatures were connected n series and
provided essentully in-phase excitation at each drive pomt The
thrusters were used 1n conjunction with ring fixtures and an
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air-bag suspension system Maor changes in test configaration ot
the low frequency vibration from the acoustic test were

A.  The aft interstage and simulated Instrument Unit were
not installed

B The DTA was not pressunized

C. 150 low frequency servo accelerometers were added

Figure 11, Dynamic Test Article Longitud

! Axis Vib Test

Frgure 12, Dynamic Test Article Lateral Axis Vibration Test
(Aft Section)

D 75 lugh trequency prezcelectric accelerometers were
deleted

The OWS low frequency wvibration spectfications are based
on the maximum expected vibration levels predicted for the OWS
prime structure during flight transients such s Jaunch. engine
cutoff, and stage separation Response ot the entire fhght vehicle
to these transients is at discrete frequencies. as i1s shown by the
“hne spectra” presented m Fig 14 [10] It was recognized that
the sinusoidal sweep test could produce much hugher dynanic
response levels in the major subassembhies than those levels that
would be induced by actual flight transient phenomena
Therefore, a constraint put on the test was that when the
response of o maor subassembly reached caleulated design
dynamic load. the wvibration test level was to be himited This
response lumiting was daccomphshed automatically with the
compatenized control system

Measurements on the DTA were made with 269 vibration
and 19 stram transducers. Up to 8 accelerometers mounted on
the OWS prnime structure wese used for test level control A
maxymum of 18 wvibration measurements were used e the

Figure 13 Dynamic Test Article Lateral Axis Vibration Test
(Fosward Section)
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acceleration peak limiting control system and six were used in
the out-of-plane acceleration automatic abort system. Test
control measurements were also momtored m real time on
oscillographs with red line requirements to be used as o manual
test abort.

The vibration tests were conducted in several steps prior to
the qualification test runs These steps meluded low level runs to
verify  phase and nstrumentation, to idenuly resonant
frequencies and amphification factors, to obtam mode shape
information for major subsystems. and to checkh out the
automatic control and abort systems Several deviations were
made to the onginat requirements primarily due to limitation in
the testing equaon < nt. The sweep rate was reduced from 30 09
octaves/mun  the sweep was conducted 10 small tcremental
“step dwells,” the lowest frequency was changed from 3 to 5 Hy
in the longitudingl axis and from 2 to 4 Hz in the lateral anis, and
the Ievels below 30 Hz were reduced for the longitudinal axis

The major test axis was the longitudinal direction (the only
major component that responded to the lateral axis specification
{4 to 20 Hz) was the solar array wing assembly) The
‘ongitadingl test control plot 1s shown in Fig 15 The notches in
the data represent the frequency at which the himiting response

¢ the subassembly has been reached A typical response hismted
piot 1s shown in Fig 16 Inspections revealed no structural tailure
or degradation. one rest anomaly occurred which was attnibuted
to the configuration: »f one of the flight hardware sunulations
that was used. Speattically, 6 out of 23 TACS sphere straps
loosened because the spheres, which were simulated with hard
plastic, were shightly out of round and had no bosses to prevent
rotation.

The data were used to verdy major OWS structural
subsystem dynamic models There was generaily good agreement
with modes and frequencies of analviieal models used for
dynamie load analyses A minor correction to the stitfness model
for the crew quarters floor assembly was made as g result ot the
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DTA data In Table 2. response of major subassemblies with
design criteria s compared and i Tables 3 and 4 predicted and
measured resonant frequencies of selected major subassemblies
are compared

CONCLUSIONS
Overall conclusions

A Sufficent data were obtamed to ether venfy the
dvnamie design and tost eriteria for OWS components
and subassemblies or to revise them as necessary

B The structural integnty ot primary and secondary
strudinre was ventied with regard  to structural
canacity  for  withstanding  simulated  maximum
expected acoustic and acowstically induced random
vibrazion environments and the integrety of the major
subsystems was yentbied with regard to capacty tor
with anding launch and staging transients

C The low Irequency dynasic responses ot the DFA
verthied the adequacy of the analy ical dy namie models
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Table 2

COMPARISON OF OWS DESIGN CRITERIA AND
DTA RESPONSE DATA IN LONGITUDINAL AXIS

Table 4

COMPARISON OF PREDICTED AND MEASUED
RESONANT FREQUENCIES OF WATER CONTAINERS

Load Factor
Design Criteria | DTA Response
Major Compensated for | at Fundamentat
Subassembly 1g Effect Frequency

Upper Floor Assembly +3.1g $3.3g
Lower Floor Assembly $3.1g +1.9g
Water Container 14.0g +4,0g
Assembly
Thruster Attitude £9.0g +5.0g
Control System Sphere
Assembly
Sofar Array Faining +3.0g $3.0g
Water Ring Stowage $4.0g 24.0g
Contamer Assembly

Table 3

COMPARISON OF PREDICTED AND MEASURED
RESONANT FREQUENCIES OF THE CREW

AND STOWAGE CABINETS
Predicted Measured
Frequency Frequency Percent
Mode No Hz Hz ifference
t 126 125 -0 80
2 131 130 -077
7 177 {7.0 -4 1
8 18 4 i95 +565
19 244 245 +0 49
22 286 280 -215
26 331 305 -825
29 343 380 +9 72
3] 381 380 -026
33 409 400 -225
39 47.2 460 -2.61
- - - - 540 - -

QUARTERS FLOORS

Fredicted Measured

Frequency | Frequency Percent

Mode No. Hz Hz Difference

i 10.07 1131 12
2 13.65 18.83 38
3 16.52 20.71 25
4 17.49 31.45 23
5 20.28 26.23 29
6 2040 . - -
7 21.06 28.27 34

*Not identified from DTA/OWS test data.

used to calculate dynamic loads for the OWS duning

launch, boost, and staging events.

Conclusions regarding test techniques:

A. The schedule for this test was optimum because the
test was late enough in the OWS program to permit the
structural configuration to be established and early

enough 10 precede component qualification

B. Reverberation chamber efficiency factor was

significant and must be considered.

o
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C  Peak hinmting accelerometers mamtained satisfactory
control of the vibration test specumen
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DISCUSSION

Mr. Kertesz (Lockheed Missiles
How did you establish the
tions?

& Space Co.):
flight transfer func~

Mr. Keller: The f1ight transfer functions
“ere determined by using flight vibration data
measured on the structure and ratioing that to
Acoustic levels measured at the same structure,
This wes done by ratfoing data in third octive
bardwidths,

Mr. Kertesz: You hadn't flown this struc~
ture when you ran the test?

HMr. Keller: We flew a Satuin V vehicle
with a Saturn S IV B stage on it. 1If you look
at the configuration of the workshop, it looks
essentially the same. We know that inside the
workshop we are filled with equipmenr rather
than fuel, but in the structural areas of the
skirts the simflarities are expected to be good.

Mr. Kertesz: You measure the dynamic load
at 17 or 18 locacions and clip the input,
Orig¥nally, the input was described as some
kind of excitation coming from the Saturn
which was given, but then you wodified that
excitation presumably not to exceed certatin
Precomputed peaks at a given number of locations.
If you modified it in that way, why do you run
the test in the first place?

Mr. Keller: The objective was to make sure
that the large structure which heretofore had Just
been showm adequate by analysis was, in fact,
adequate for the analysis load factors. Each of
those large structures with the exception of the
lower floor and the 82s spheres at the base of the
workshop did in fact reach thetr limit load factors.
Therefore the structural analysis confirmed that
they were adequate. It's interesting to note thac
the upper floor did reach its limit load factor
and it weighs more than the lower floor. You
might feel that since the analysis approach was
confirmed on the upper floor, the lower floor
should be adequate by comparison. The gas sphere
which was not adequately tegted, was tested
later as a component rather than as a cluster
of spheres,

Mr. Koen(Beil Laboratories):
tests run on electronic equipment”?
kind of vibration tests were run?

Were vibration
If so, what

Mr. Keller: There was no electronic equip-
ment on this dynamic test article, however we
did perform component tests of hardmounted elec~
tronic equipment to specifications which were
confirmed by this dynamic test article.
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SKYLAB PAYLOAD ASSEMBLY
VIBROACOQUSTIC TEST PROGRAM

Paul Rader
Martin Marietta Corporation
Denver, Colorado

and

Jack Macpherson
Marshall Space Flight Center
Huntsville, Alabama

The acoustic and vibration tests of the Skylab payload assembly
are described. Test conditions for liftoff and boundary layer
acoustical environments were determined by comparing the
vibroacoustic transfer functions calculated from measurements
of the test article and Saturn V flight vehicles. The test
results, including special additional tests necessitated by the
analyses of data from initial testing, are discussed.

INTRODUC I'ION

The Skylab payload assembly vibroacoustic
test program conducted at the Manned Space-
craft Center from September 1971 thru July
1972 was one of the most ambitious of its type
ever conducted on a spacecraft. This paper
describes two phases of the total program--
the acoustic and vehicle dynamics tests, The
objectives of the tests were to:

1) Verify the dynamic design and test
criteria for components and sub-
assemblies;

2) Verify the structural integrity of
bracketry and secondary structure;

3) Qualify selected flight hardware
components.

These tests formed a part of the total test
program designed to insure the flightworthiness
of the Skylab,

The iollowing tests are discussed 1n this
paper:

1) Acoustics,
a) Liftoff environment,

b) Boundary layer environment,
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¢) Instrument umt (IU) zcoustic test,*
d) IU modal survey *
e) Additional IU acoustic tests,*

f) Apollo telescope mount. control
moment gyro (ATM,CMG) quali-
fication test;

2) Vehicle dynamics.

TEST CONFIGURATION

The test article was assembled from the
major Structural articles shown in Figure 1.
The configuration included a number of flight-
type components and subassemblies for quali-
fication or verification of response character-
istics, All other components weighing more
than 5 pounds were simulated by mass mock-
ups installed on flight-type brackets., The
payload assembly in the launch configuration
was approximately 28 feet in diameter at the
base, 76 feet long, and weighed approximately
129, 000 pounds.

*These tests were added to the original
program as a result of analysis of data from
tests 1a) and b).
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Fig. 1 - Payload assembly test article launch
configuration

ACOQUSTIC TESTS

Payload Shroud Liftoff and Boundary Layer
Tests

The payload assembly was installed in
the reverberation chamber at the Manned
Spacecraft Center's Vibration Acoustic Test
Facility as shown in the photograph in Figure
2. The article was instrumented with 43
microphones, 303 piezoelectric acceler-
ometers, and 32 strain gages.

Liftoff and boundary layer acoustic spectra
(Fig. 3) derived from Saturn V flight data
were modified to account for the reverbera-
tion chamber efficiency factor to achieve the
required vibration levels, The initial test
environments were based on chamber effi-
ciency factor corrections obtained during the
Orbital workshop dynamic test article (DTA)
tests. Since the acoustic field, ana, con-
sequently, the chamber efficiency factor
depend on the test article geometry, absorp-
tion characteristics, and relative volumes of
the article and test chamber, low-level (-6 dB)
runs were conducted to determine vibro-
acoustic transfer functions with which to
establish the correct acoustic environment
for the payload assembly. The transfer
funccions were calculated for measurements
corresponding to flight locations in the S-IV8
forward skirt and instrument unit modules,
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Fig. 2 - Skylab payload assembly installed in
reverberation chamber
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Fig. 3 - Liftoff and boundary layer spectra
from Saturn V flight data

These data indicated that an additional cor-
rection should be made to the liftoff spectrum
in the frequency region below 100 Hz, Com-
parisons of the spectra derived from flight
data, initial test environments, and final test
environments are presented in Figures 4 and
5 for liftoff and boundary layer conditions.
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Fig. 4 - Comparison of liftoff spectra from
flight data, OWS/DTA test and
payload assembly test

The test environment was controlled
within the specified tolerances by averaging
the signals from 10 microphones distributed
over the exterior surface of the test article.
Spectrum equalizatior of the acoustic genera-
tors and the broadband sound pressure level
(SPL) were controlled by a digital computer,
The spatial distribution of the sound field
over the surface of the vehicle was quite
good, as shown by the typical example plotted
in Figure 6.
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Fig. 6 - Envelope and average of control
microphones

Analyses of the vibration data indicated
that vibration levels exceeded the qualification
test levels for components in the instrument
unit and Apollo telescope mount modules. As
a result, additional acoustic and vibration
tests were corducted on the IU and ATM to
evaluate the response characteristics relatec
to major components ia the IU and to qualify
the control mome=t ~»vron mm the ATM,
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Fig. 5 - Comparison of boundary layer noise
spectra from flight data and payload
assembly test

Instrument Unit Tests

For the IU acoustic tests, liftoff and
boundary layer spectra were derived for the
IU area from Saturn V flight data, and the
chamber control microphones were located
on the IU circumference. Comparisons of
the IU test spectra with those used for the
entire payload assembly are shown in Figure
7. These tests were conducted to ensure
that the exceedances observed were not a
result of an overtest in the IU area because
of the use of the payload shroud spectra for
the payload assembly. It should be recog-
nized that the liftoff environment for the IU
resulted from a tight envelope of flight data,
whereas the payload shroud {P/S) spectrum
represents the 97. 5% confidence level of the
flight data population.
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Further diagnostic tests were <onducted
to investigate the IU dynamic response
snomaly, These included special measure-
ments to determine the effects of the 25~z
horn and of chamber standing waves. In
addition, modal surveys wer= conducted with
both a fhght control computer (FCC) dynamic
simulator and an FCC protoiype unit installed
in the IU, There were sign:ficant diiferences
in response between the FCC mockup and FCC
prototype umts. None of the diagnostic tesis
provided an explanation of the increase in
vibration levels over the previous levels
observed from Saturn flights. These in-
creases were attributed to the difference in
1U boundary conditions between the Skylab
launch configuration and the Apollo laurch
configuration,

ATM/CMC Qualification Test

A special test program was conducted to
qualify the ATM control moment gyro. The
test environment s were controlied from
eight microphones internal to the payload
shroud, Other ins.rumentation included
eight external microphones and 70 piezoelec-
tric accelerometers. The test installation is
shown in Figure 8. As in the previous pay-
load assembly tests, the max:mum environ-
ment runs were preceded by low-level tests
to properly range the instrumentation and
provide data to derive tae vitroacoustic
transfer functions. These functions are
necessary to adjust the acoustic environment
to estabiish the required iest article vibration
responses. The basic objectives of the test
were achieved 1n that a high-fidelity «est bed
for the CMG was provided, and the acoustic
test conditions necessary to produce the re-
quired structural vibration response were
achieved. The CMG was q .alified by the test.
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Fig. 8 - ATM CMG acoustic test configuration

VEHICLE DYNAMICS TEST

Vibration <sts of the entire payload
w.ssembly were conducted to simulate the
low-frequency eavironment resulting from
the launh vehicle engire cutoff and separa-
tion transients. The test article was in-
stalled on a 12, 000-pound bace ring and the
entire assembly was susiended on three air
springs, providing a longitudinal suspension
system frequency of approximately 0.7 Hz,
A photograph of the test insti.llation is shown
in Figure 9. Excitation was provided by
eight 10, 000-pound-force electrodynamic
thrusters located in pairs at the vehicle axes
as shown in Figure 10. The assembly was
instrumented with 232 accelerometers and
e:ght furce gages ai d was protected by an
automatic abort system that monitored and
controlled sesponse levels at selected,
critical load points.

Fig. 9 - Payload assembly installed in vibration
test facility
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Fig. 10 - Vehicle dynamics test setup

The test sequence consisted of a 4-Hz
dwell to verify instrumentation, force-con -
trolled sinusoidal sweeps (2400 and 5600 1b at
1 octave,minute) to identify resonances and
transmissibility characteristics, and vibration
transients at selected frequencies to evaluate
the payload assembly str-ucture for simulated
engine cutoff, separation, and ignition tran-
sients, The selection of the nine transients
listed in Table 1 was based on a review of the
sine sweep data and the prior mathematical
analysis of the launch vehicle,

TABLE 1
Payload \ssembly Vehicle Dynamics Test
Transienis

Frequency,| Input Acceler-

Input Force,
Hz ation, g, peak 1b

34.78 0.37
28.24 C.20
18.70 0.09
17.80 0.19
14.50 0.11
10.60 , 0.26

8, 000
5,328
4,000
8,640
9, 320
50, 400
66. 800
68, 800
66, 720

7.69 0. 38
7.45 0.28
6.92 | 0.29

- Decay equivalent to that provided
GPI j\»qw by 1% of critical damping

[ Note: Transients between 6.0 and 35 Hz were
77 selected based on review of sine sweep

) TS D,

data.

SUMMARY OF TEST RESULTS

The acuustic and vehicle dynamics tests
cf the payload assembly were completed with
no failures of flight-type structure, either
primary or secondary. Sufficient data were
acquired to evaluate component qualification
test criteria, These evaluations, termed
exceedance studies, were perfcrmed by the
appilicable hardware contractors with the
tollowing results:

1) Instrument umt - Twenty-three com-
ponents were recommended for re-
test to 1increased qualification levels.
As an example, a revised specifica-
tion for the {light control computer 1s
compared to the original qualification
test level and the test data envelope
in Figure 11;

Note  Flight contrel Caovputer FCC)
raoial ans liftoft eavironnent,
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11 - Comparison of test data and criteria
for the flignt control computer

2) Multiple docking adapter,

a) Wei_gh'. classifications 1n two
environmental subzones were
changed,

b) Nine new environmental subzones
were added,

¢} No component requalification was
rejuired;

3) Airlock module, payload shroud,
deployment assembly, and fixed
airlock shroud,

a) Test criteria were increased in 11
enviromnental subzones,

b) T.ree new environmental subzones
were added,

¢) Sw.cial environmental criteria were
€:iablished for seven components,

[T




twe environmental subzones,

h) The control moment gyro was
recommended for requalification
test, Requalification was accom-
plished during the ATM/CMG
acoustic test previously cescribed
in this paper.

CONCLUSIONS

The testing program described in this
paper demonstrated the structural integrity
of bracketry and secondary structure of the
payload assembly ior the expected flight
dynamic environments. In addition, data
were acquired to eithe. verify or establish
realisiic test criteria for components, re-
sulting in the requirement tc requalify a
number o: components.

The total Skylab vibroacoustic test pro-
gram, which included the tests described in
this paper, the orbital workshop program, and
the modal survey tests described in other
papers during this session, has served to
develop a high degree of confidence in the
flightworthiness of the Skylab vehicle.

d) Four components wers recom-
mended for requalification tests;
4) Apollo telescope mount,
a) Test criteria were increased in




DEVELOPMENT OF AN AUTOMATIC MODAL TUNING AND ANALYSIS SYSTEM
FOR PERFORMING SKYLAB MODAL SURVEYS
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Houston, Texas

and
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A digitally based automatic modal tuning and analysis system was developed to
provide an operational capability beginning at 0.1 Hz. The system provides
unique control features, maximum operator visibility, and complete data
reduction and documentation within minutes after data acquisition is complete.
The automatic modal tuning and analysis techniques were proven during the
successful application of the system to a modal survey of the Skylab payload.

The elements of the system are briefly described and the operational flow is
discussed to illustrate the full range of capabilities and the flexibility of

application.

INTRODUCTION

The automatic modal tuning and analysis
system (AMTAS) was developed to perform a modal
survey of the Skylab payload which weighs
approximately 120,000 pounds and is approxi-
mately 76 feet high. The complexity of the
task required an automatic control and data
analysis system to provide positive excitation
control and broad real-time data bandpass be-
ginning at virtually zero Hertz.

The purpose of this paper is to present
a general overview of the hardware and soft-
ware components of the system and a functional
description of the system capabilities.

SYSTEM DESCRIPTION
General Features

Digital techniques are utilized to provide
a low frequency operating bound of virtually

zero Hertz without co. promise of capability.
Positive excitation control is achieved through
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force feedback digital control of the forcing
function. The narrowband filtering and co-
quad analysis capabilities are extended to
essentially zero Hertz through software for
digital filtering and data reduction.

Six elements constitute the automatic
modal tuning and analysis system: 1) computer;
2) excitation control subsystem; 3) data
acquisition subsystem; 4) excitation subsystem;
5) monitoring subsystem; and 6) software
support package. The conceptual layout of the
system is shown 1n Figure 1.

System Director

A general purpose computer with 32K of
core memory is used to direct the system. The
computer supports the following peripherals:
card reader, card punch, }ine printer, disk
drive, tape deck, console typewriter, input
signal selectors, A/D converter and multi-
plexer, alphanumeric CRT with keyboard, z1pha-
numeric-graphic CRT with keyboard, force and
acceleration detector, and digital plotters.

PR
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Figure 1.
Conceptual Layout

The cemputer operates under a group of
programs (supplied by the manufacturer) for
generating, organizing, testing, and executing
programs for real-time data acquisition and
control. The major components of this software
include a machine language assembler, FORTRAN
compiler, loader, disk utility program, super-
visor, and real-time system director.

The system director controls the real-
time data acquisition and control programs.
It consists of time-sharing control, proyram
sequence control, master interrupt control,
jnterval timer control, and error alert control.
A subroutine library consists of input-output
conversion, arithmetic, functional, and selec-
tive dump, debug, and miscellaneous programs.
In addition, three other categories of soft-
ware are required for the system: I/0 hand-
lers for nonstandard peripherals; application
programs {real-time and off-line); and test
and validation routines. These three groups
of software, referred to as the software support
package, were written specifically for the
AMTAS application.

Software Support Package

The software support package provides pro-
cess control, data acquisition, data reduction,
and modal documentation.

The control, data acquisition, and
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excitation subsystems are interconnected with
the computer through the peripherals (see
Figure 9). Man-computer interactive contro!
of system functions is provided by the key-
board display units at the control console.
Real time data reduction, modal purity, and
data validity assessment results are displayed
on the alphanumeric CRT display. Quick-lTook
graphic documentation is presented on the
graphic CRT hardcopy unit and digital plctter.

five process control functions are pro-
vided by the software support pac<age: sweep
direction and linear rate, response channel
selection, phase-lock control, force distri-
bution control, and limiting of critical accel-
erations. Data acquisition is inhibited when
any servo correction (force level or frequency)
is in progress.

Bookkeeping data, force data, and engin-
eering unit respense data are acquired and
s.ored in the computer for subsequent listing
and reduction.

Data reduction under control of the soft-
ware package includes binary to decimal con-
version, voltage to engineering unit conver-
sion, co and quad component resolution, geo-
metric transformation, generalized mass com-
putation, normalization of generalized coor-
dinate data, and auto- and cross-orthogonality
checks..

The modal documentation operations by the
software support package are real-time CRT
displays of process control parameters and
engineering unit data; real-time line printer
1istings of raw voltages, engineering unit date,
and generalized coordinate data; off-line
T1stings of auto-and cross-orthogonality re-
sults; punched cards for raw data and normal
mode data; and near-real-time quick-look and
permanent records consisting of a set of 15
stick plots.

The process control sequence during modal
sweeps is shown in Figure 2. The sweep para-
meters and reference accelerometer are selected
by keyboard entry. Frequency incrementing is
initiated by command. The individual force
distribution and 1imit accelerations are
checked and corrected if required. Data sam-
ples are acquired and total response data from
three reference accelerometers are resolved
into co-quad components. The co-quad data are
plotted and the frequency is incremented.

Th1s sequence is repeated until the sweep is
completed.

The process control sequence during a
modal dwell is shown in Figure 3. After the
modal decay indicates that the desired mode has
been separated from adjacent modes, the run
number and mode number are entered on the CRT
keyboard. A1l other bookkeeping and test data
are acquired by the computer to completely
eliminate manual recording errors. Phase lock
and data acquisition are initiated by keyboard
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Modal Dwell Operational Flow Chart
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entry. The first set of taree response channels
are selected for co-quad analysis. When data
sampling is complete, the next set of response
accelerometers is selected for priority level
sampling, while data reduction, documentation,
and storage continue on the mainline level of
software operation. If an exit command has

not been entered on the keyboard, the force
distribution and limit acceleration are cor-
rected, if required. The sequence is repeated
unt11 all response data are acquired or until

an exit command is receised. Fourteen digital
servos are active during the modal dwell: twelve
individual force servos, the total energy servo,
and frequency servo (phase Tock).

Data Acquisition

Several data acquisition functions are
common to both sweep and dwell modes of oper-
ation. Bookkeeping data (run number and mode
number) are entered by manual CRT keyboard,
shown at the left of Figure 9. The format 1s
printed out on the display such that the letter
X appears where data must be entered by the
operator. After data entry, the send key is
depressed to initiate a read by the computer.
The format is updated and the input stored on
disk. The run and mode numbers are used to sub-
script the incomirg data for proper organization

Figure 4.
AMTAS Control Console

and storage in disk and tape files.

A view of the control console is giver in
Figure 4. The keyboard display units are shown
on the right side of the control consoie. Over-
all views of the AMTAS are shown 1n Figures
5 and 6.

The force level of each active exciter is
displayed on the alphanumeric CRT. Limit
acceleration status is displayed at the bottom
of the CRT at each force level update time.

Response data are acquired by a keyboard
selected load cell and a set of three accel-
erometers. These transducers are fixed through-
out a sweep. However, in the tuning mode, the
Toad cell and response accelercmeters may be
selected or changed at any time, providing the
flexibility required to examine response char-
acteristics of the structure as the forcing
distribution and frequency are varied to opti-
mize a desired mode. In the dwell mode the
refererce load cell is selected by keyboard
entry. The data acquisition sequence, initi-
ated on the keyboard, consists of acquiring
response data from all accelerometers (maximum
of 200) in groups of three.

The software support package provides
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Figure 5.
Overall View Of AMTAS

Figure 6.
Overall View Of AMTAS
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maximum real time visibility and immediate post
test documentation. The raw data is converted
to engineering unit data, co-quad components
are computed and transiated from accelerometer
to mass model (generalized) coordinates, and
all data is stored in disk and tape files for
off-line reduction (plots and orthogonality
checks).

‘ Documentation (Figure 7) consists of co-
quad plots, decay curves, listing of raw vol-
tage, engineering unit and generalized coor-
dinate data, orthogonality matrix printout,
modal plots, and a punched card deck of modal
response data. This documentation is avail-
able immediately after modal acquisition is
completed.

The CRT display unit presents a dynamic
real-time status display. Parameters included
are force levels, frequency, error and status
messages. Subroutine execution is initiated
by a command entered on the keyboard.

Data listing by the Tine printer is initi-
ated by keyboard entry. This listing is avail-
able for single modes or total set of modes.
The listing includes status and bookkeeping,
raw voltage, engineering unit and generalized
coordinate (normal mode? data. An additional
keyboard entry will result in an orthogonality
printout.

*,dal dei’ections for a given mode can be
output in the fo,™ of cards with a non-process
program in an off-line time-share computer mode.

A set of - tick plots (15 maximum) documents

a mode in the ,»rm of node deflections versus
vehicle statior.
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AMTAS Documentation Package
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A1l structure dependent data exists in files
that are easily maintained during model updates
and revisions. The operational program, file
creation program, and file input program with
data modules are stored and maintained separ-
ately. For a future modal test, only the file
input modules need be revised to include the
structure-peculiar data; other modules are in-
dependent of structure.

The data file creation module creates the
files required by the program for the program
for execution, including the structure-depen-
dent data. The structure-dependent files can
be revised at any time without disturbing the
other programs by replacing the data deck and
reloading and executing the file input program.

Data Acquisition Subsystem

A diagram of the data acquisition subsystem
is shown in Figure 8. The analog front end of
the subsystem includes the following:

A strain gage signal conditioning
system with patching capabilities

to the test laboratory junction
boxes. This system supplies power,
signal amplification, calibration
capability, and bridge balancing

for one, two, three, and four active
element strain gage bridge circuits
and strain gage bridge transducers,
such as load cells.

A servo accelerometer signal conditioning
system with patching capabilities to

the test laboratory junction boxes.

This system supplies power, output

signal balancing, and calibration for
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Figure 8.

Data Acquisition Subsystem
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Excitation Control Subsytem

sensitive servo type acceleration
transducers.

The analog front end conditions the accel-
eration and force signals. Groups of trans-
ducers are selected automatically by the com-
puter as inputs to the low-pass anti-aliasing
filters, Digitized samples of the inputs are
acquired by an A/D converter and multiplexer.
Fourier analysis of these digitized data pro-
vides complex Fourier transform coefficients
for the computation of co and quad values.

Excitation Control Subsystem

Digital feedback force cor-yci techniques
avoid the need for constant b..awidth tracking
analyzers and an analog seivo unit. either of
which imposes a low frequency 1+t on the
system.

The frequency synthesizer, controlled by
the computer {Figure 9) provides the desired
frequency. Finest resolution is 0.01 Hz.

The system master gain, which controls the
total forcing distribution is manually initi-
alized but is adjusted under direct program
control to suppress the total energy supplied
to the structure if critical acceleration levels
are exceeded. The signal from the ensemble of
critical locations, which is sensing the high-
est signal level, is selected with a force and

acceleration detector. ‘r. putput of this unit
15 fed to the computer Lo control the total
energy level.

The for¢ uyg distribution is manually ini-
tialized b, level set and phase selection for
each "nuividual exciter. Phase adjustment is
by ,ense only {0 to 180 degrees). Other phase
2ntpulation is undesirable because normal
mode motions and damping forces act, respective-
ly, in a 0 or 180 degree sense. The driving
forces are continuously variapbie to cancel the
internal damping shears and moments to preserve
the steady-state ratural mode. To assure pre-
servation of the forcing distribution and natur-
al mode, 2 dztected signal from 2ach ampiifier
representing force is monitored by the computer
to allow. computer adjustment of the current
supplied to each individual exciter. If the
system amplitude 7s corrected by the computer
(energy suppression}, the individual forcing
distribution digital control cutput is factored
to prevent recompensation.

A separate component of the excitation
control subsystem is the zero mass control unit
needed to eliminate the effects of the armature
and stinger mass during modal decays and when
no drive signal is applied to the exciter. Ir
addition, since the armature circuit remains
active, the unit must compensate for back
electromotive force generated by the moving
c0il. A secondary effect of the control unit
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is to transform a voltage amplifier into an
approximation of a current amplifier. A veloc-
ity transducer measures the differential veloc-
ity between the exciter body and armature (back
EMF is directly proportional to the differen-
tial velocity). Mass cancellation is directly
proportional to the acceleration of the armature-
stinger assembly alone. Therefore, use of the
acceleration signal measured on the vehicle at
the stinger interface is appropriate. The
signals generated by the two transducers are
correctly phased, summed instantaneously, and
then summed with the excitation drive signai,
1f present, resulting in a positive feedback
system. The feedback signal is summed with the
drive signal in lieu of switching the feedback
signal into the amplifier input circuit upon
initiating a decay.

Excitation Subsystem

A single channei of the ex:itation sub-

system consists of a solid state, direct-coupled
power amplifier; field supply and control unit;
low-frequency-long-stroke exciter assembly;
and mechanical-Fforce-input coupler (stinger).
A maximum of 12 channels can be excited simul-
taneously utilizing a combination of 16 power
amplifiers/field supplies and 24 exciters. A
patching rctwork provides access from a given
exciter to any power amplifier.

The primary consideration in application
of the excitation system 1s to assure that there
is no phase shift between any of the inputs to
the structure. Phase shifts may occur electri-
cally in the input circurtry to the power amp-
1ifiers or in the power amplifiers themselves.
A phase shift can also occur mechanically in
the shaker support structure or the stinger.
Direct coupling is advantageous in minimizing
or deleting phase shifts in the input and drive
circuits and is a necessity for very low fre-
quency operation. Direct coupling is used in
the system principally because of the low fre-
quency design criterion.

The stinger assemblies were designed to be
stiff enough to transmit the force input with
no appreciable phase shift (less than 5 degrees)
up to the upper frequency limit. Nominal guide-
lines are to have the first mode of the stinger,
axial or bending, at a minimum frequency of
three times the upper frequency limit of the
test band.

Monitoring Subsystem

The peripheral monitoring subsystem con-
sists of a group of analog meters, analyzers
and display units to aid in tuning operations
and for continuous verification of nominal
system operation. The function of the moni-
toring subsystem is to display 12 lissajous
patterns simultaneously to aid the operator in
tuning.

Twelve dual-channel dynamic analyzers act
as narrowband filters (5 Hz) to provide high
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quality output signals of force and acceler-
ation to the dispiay units. In addition, a
90-degree phase shift is introduced between

the two channels of the analyzer so the lissa-
Jous figure at resonance is a straight line
rather than an ellipse. The paired outputs of
the analyzers are hard wired to signal multi-
plexing units and then to bistable storage dis-
play units, which display four patterns on a
single unit (storage display units are highly
advantageous over standard oscilloscopes when
operating below 5§ Hz). Two options are avail-
able to the operators for tuning at frequencies
below 3 Hz, where the analyzers cannot function.
Since response signals are of much higher qual-
ity at lower frequencies, the main function of
the analyzers is *o provide the 90-degree phase
shift between the force and acceleration signals,
Therefore, the raw acceleration can be used to
tune on elliptical patterns. An alternative is
to use ihe raw velocity signal available from
the shaker mounted velocity transducers. By
using these transducers only at the very low
frequencies, the phase problems associated with
shaker body motion are avoided.

Other features of the monitoring subsystem
include miniature oscilloscopes for continuous
display of the raw force wave shape and anaiog
voltmeters connected through a signal selector
from the analyzer outputs. The analog meters
are used to monitor force and acceleration when
the central processor is not on line and to
cross-check the digital data acquisition system
during dwell operations by comparing analog and
digital readings.

Ancillary Support Systems

The soft-spring suspension system provides
a sinulated free-free environment in which to
excite and measure the natural elastic vibration
modes of a structure. A maximum of 16 units can
be used to suspend the test article. Each unit
can support up to 50,000 pounds while maintaining
a very low resonance freguency.

The closed circuit television canability
consists of eiaht video channels, including
cameras and controls. The video control console
permits adjusting the position of each camera
image. Patch panel and push button selection
capability are available for matching cameras
and monitors. Scan conversion, split screen
special effects, waveform monitoring, and video
signal conditioning are also available.

Analog data recording systems in¢cluding
the following:

Analog magnetic tape recorders with
multiplex input capability (used to
record data for off-line co-quad
reduction).

Oscillograph chart recorders utili-
zing dry development, 1ight sensi-
tive papers on which galvonometer
deflections are recorded.
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An off-line co-quad enalysis capability
was developed to process data acquired from a
large number of transducers during an incremen-
tal sinusoidal sweep over a large frequency
band. 7he wideband sweep is performed to de-
fine the structural modes. The processed data
is used in conjunction with the analytical data
to define target modes and predicted forcing
distributions.

SYSTEM APPLICATION

Two keyboard CRT terminals are used for
entering test parameters, initiating commands
to the software system, and displaying data
and computations.

The system controller provides a logic
procedure (Figure 10) for selecting the basic
optiors for tuning and acquiring data for a
mode or manipulating and displaying modal res-
ponse data for assessing purity and validity
of a previously acquired mode. The options
are discussed below in the nominal operational
sequence.

Supervisor Option

The excitation control and dat: acquisition
supervisor is composed of the software modules
for tuning and data acquisition. All excita-
tion, real-time monitoring and control, and
data acquisition are conducted with this super-
visor. The remaining options of the controiler
are associated with data analysis, display, and
assessment.

Eight operational possibilities are avail-
able within the supervisor:

1) SUPSS - Single shaker, wigeband, sinu-
soidal sweep with digital data acg-
uisition. Three accelerometers can
be selected for generating co and
quad plots on the digital plotter
during one sweep. The raw co-quad
data is stored on magnetic tace and
listed on the tine printer.

2) ASUPS - Single shaker, widebanc, sinu-
soidal sweep with analog data acq-
visition for off-line co-quad re-
duction (not shown in Figure 10).

3) SUPTS - Tuning operations with a single
shaker jor approximate frequency
settings.

4} SUPTM - Tuning operations with muiti-
ple shakers {(maximum of 12). Fine
tuning is accomplished with this
software module.

5) SUPSM - Multiple shaker, narrowband,
sinusoidal sweep to defin2 the res-
onance condition. Three accelerome-
ters can be selected for generating
co and quad plots on the digital
plotter during one sweep. The raw
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co-quad data is stored on magnetic
tape and listed on the line printer.

6) SUPMD - Modal decay with signals from
a maximum of 24 selected accelerome-~
ters recorded on an oscillograph.

7) SUPDW - Modal dwell operation for
digital data acquisition in co and
quad format.
the phase lock, if in use, the force
Jistribution status while selecting
input signals and resolves the data
into co and quad components. The
data is stored on magnetic tape, dis-
played on the CRT, listed on the line
orinter, and transferred to cards as
a backup data file.

8) Return to Controller - Provides the
initial display on the CRT and awaits
a selection by the operator /-~* shown
in Figure 10).

Print Option

This entry from the controller provides
for additional printing of the generalized
ccordinate data from the disk unit to the line
printer. Any mode previously stored on disk
can be printed.

Plot Option

This option provides access to the plot
routines. The two options are Tisted below.

1) Stick plots on the digital plotter or
graphic CRT generated by ihi1s routine
are composed of node displacements or
rotations as a function of elevation
or station number about three mutually
perpendicular axes. The shape of the
perturbed structure is derived from

the deflection data of the mass points.

2) The routine for orthographic and
stereographic plots on the digital
plotter generates three orthographic
and two stereographic views of the
structure. Plotting parameters are
manually ertered on the keyboard to
allow the structure to be viewed at
any angle and at any focal point. The
stereo plats, viewed with a stereo-
scope, provide a three dimensional
view of the structure.

ORTHO Qption

The orthogonality routine provides for
selecting the type of check, auto or cross, to
be made between analytical or experimental
modes. In addition, the particular set of
desired modes for orthogonality is entered
through the CR' keyboard.

The system director checks
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Figure 10.
AMTAS Operational Logic

TEST TECHNIQUES

Modal Tuning and Data Acquisition

The supervisor provides the algorithms for
excitation control, real-time monitoring, and
data acquisition for ail modal operations.

Upon selection of the supervisor through the
controller, the 1nitialization procedure 1is
performed, followed by keyboard entry of the
1imt accelerometer parameters and respective
response limits. The {irst operational entry
1s utilized to perform a wideband sinusoidal
sweep with a selected exciter to obtain pre-
liminary data of vehicle response to uniaxial
single point force input. This data provides
modal definition for use during tuning. Gen-
erally, the majyority of these sweeps are con-
ducted before advancing to the other sequences.
(In either the SUPSS or the ASUPS mode two
shakers can be driven simultaneously, although
only one is actively servo controlled. The
second shaker improves the quaiity of the ex-
citation for better definition of bending or
torsional modes when driving tangentially
attached shakers.} In the SUPSS mode, three
accelerometers can be selected for digital
recording and concurrent co-quad plotting.

Any number of accelerometers can be selected
for analog tape recording in the ASUPS mode for
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subsequent off-1ine data reduction. This mode
of operation is advantageous when a large num-
ber of accelerometers 1s desired for prelim-
inary data analysis.

The information resulting from wideband
sweeps is gross mode shapes or pairing with
predicted analytical modes, approximate fre-
quency of a mode, preferred shakers for a mode,
and initial phase settings for shakers.

After the initial wideband sweeps and sub-
sequent data analysis, modal tuning follows.
The next four options of the selection menu,
SUPTS, SUPTM, SUPSM and LUPMD, are associa.ed
with the tuning operation. Modal tuning with
multiple exciters, SUPTM, is the main process
of modal excitation and mode identification
and separation. Tuning with a single exciter,
SUPTS, is a short form of tune multiple.

The modal tuning and acquisition sequence
is initiated by selectin» a target mode and
determining the enpropriate forcing distri-
bution. A nominal force level 1S manually
initialized on the master (prima;y) exciter.
This exciter is selected by analysis of the
analytical model data (plots and Tistings) and
the experimental co-quad data derived from the
single exciter (ASUPS and SUPSS) sinusoidal sweeps.
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The aperator directs the operation by
keyboard antry. After manual initialization
of the forcing distribution, the LO command
returns the display update rate to the Slow
mode (the HI update mode is automatically
activated upon entry to a software module
requiring forcing distribution initialization).
Returning to the slow update mode allows most
of the computer time to be devoted to acquiring
and reducing data. The data acquired from the
accelerometers and reference load cell is
entered into the CRT format before the oper-
ation begins. These transducers can be changed
by the appropriate entry at any time during a
given operation.

The modal response of the structure 1s
optimized by varying the freauency of excita-
tion and the forcing distributior (phase and
level of the active exciters). While jincreas-
ng quadrature values are noted on the co-quad
displays, the frequency is incremented to op-
timize the quad value and to close the lissa-
jous pattern. The lissajous pattern comple-
ments the co-quad displays and is useful in
approaching an effective distribution. How-
ever, fine tuning is best achieved by observing
small changes in the quadrature values since
these effects cannot be detected in the lissa-
jous patterns. Lissajous patterns are nor-
mally formed by pairing exciter forces and
respective driving point accelerations. How-
ever, accelerations from other points of the
structure may also be used, particuiarly when
fine tuning the mode. As more exciters are
activated, the resonance frequency will tend
to shift downward. As this occurs, the fre-
quency is incremented to below resonance, then
increased in fine steps to peak the quadrature
values (see the comments below on hysteresis).

In some instances it may be advantageous
to suppress the participation of a neighboring
mode rather than to attempt to excite the
target mode. A decrease in the co values in-
dicates suppression of the undesired mode.

The quac¢ values must not decrease appreciably
during the process.

After the forcing distribution is optimiz-
ed, the frequency of resonance is established
from a lower frequency to eliminate effects of
hysteresis; hysteresis often distorts response
level versus frequency curves and may result
in erronecus indications of resonance con-
ditions.

Accelerometers at key points of the struc-
ture are surveyed to assess the adequacy of
tuning. Co-quad values from several primary
Jocations are tabulated for reference during
subsequent operations.

The four optiors of the tuning process
automatically sequence in a logical order:
tune single proceeds to tune multiple, then to
sweep muitiple, ard then to modal decay. How-
ever, any desired operation can be entered
directly through the operation selection menu,
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as shown in Figure 10.

A sweep multiple operation can be conducted
at any time in the tuning process as an aid in
defining the resonance ccndition, particularly
if difficulties arise in the tune multiple oJera-
tion. A narrowband sweep can identify any
neighboring problem made and provide insight on
suppression techniques. After completion of
the fipal tune multiple sequence, a sweep m1-
tiple operation is normally performed for dita
purposes. The co-quad plots from these nar ow-
band sinusoidal sweeps are utilized in post-
test analysis for an index of modal separation
and for the calculation of damping values. One
or more sweeps can be performed depending on
the number of diFfferent accelerometers to be
plotted.

When the co-quad data of the tune multiple
and sweep multiple operations indicates that a
mode has been properly separated and tuned, a
modal decay is performed. Shaker excitation is
removed and the unfiltered signals from selected
accelerometers are recorded on an oscillograph.
The quality of the decay curves provides another
index of modal purity. If the structure decays
smoothly with the absence of beating for the
tuned mode, modal purity is good. If the modal
purity is setisfactcsy, the sequence will be
cycled automatically to the modal dwell opera-
tion for data acquisition. If modal purity is
poor, the tuning iterations can be repeated.
In tuning problem modes it is sometimes helpful
to acquire dwell data despite the impurities
and to generate plots of the existing mode.
These plots provide the visibility to define
problem areas and to assess the adequacy of the
ex1sting exciter locations to properiy excite
the target mode.

The moda) dwell operation begins with the
operator entering bookkeeping data, mode iden-
tifier, and run number for documentation and
data retrieval purposes. Excitation is re-
instated and the force servo maintains the pre-
determined forcing distribution. The automatic
phase lock feature can be activated 1f desired.
After stabilization of the forcing distribution
and response, data is acquired on the operator's
CRT. Upon completion of data acquisitior, the
data is automatically reduced and stored on
disk (note the position of the REDUC module in
Figure 10).

Data Reduction

Co and quad components are normalized to
force. Force normalized co-quad provides 2
common basis of comparison for dwell data
acquired when an individual exciter level varies
within the tolerance band of the servo, causing
minor variations in response levels. The nor-
malized co and quad values are output to the line
printer, CRT and plotter.

Co-Quad Plots

The data obtained from a typical sine sweep
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is in the fcrm of three sets of force normal-
ized coincident (CO) and quadrature (QUAD)
component values displayed on a digital X-Y
plotter. The wideband force normalized co-quad
plots provide a means of identifying the re-
sonant frequencies of the structure.

At a resonance frequency the quad compo-
nent of the data rises to a peak value and then
declines while the cc component decreases to a
minimum, rises sharply crossing the zero axis
when the quad is at a peak value, increases to
a maximum, and gradually returns to the zero
axis, assuming a positive guadrature peak;
polarities of the co value wil® reverse for a
negative quad peak.

Line Printer Listings

The sequence log is generated automatically
as a given operation progresses. Bookkeeping
data, type of operation, and data are displayed
in the listing on the 1ine printer.

The forcing distribution is iogged on the
sequence log when the operation is initiated
by keyboard entry. At this time the force
servo is activated by the computer to maintain
the Togged forcing distribution.

A printout of bookkeeping data and engin-
eeriry unit data in global and generalized
coordinates is obtained in the off-line mode
by the appropriate keyboard entr,. A listing
of this complete summary of modal data may be
obtained at any time.

Modal Flots

The stick plots are useful as a diagnostic
in addition to thesr normal function of pro-
viding a graphic description of a mode. The
trimetric (three planar views) set and stereo
pair provide a graphic capability for assess-
1ng the adequacy of a particular forcing dis-
tribution 1n exciting a given mode.

Up to 15 stick plots can be produced by
the appropriate keyboard ¢atry in the off-line
mode. Actually only six plots (three trans-
lation and three rotation) are required to des-
cribe a structure, but the capability of plot-
ting separate parts of the structure on diff-
erent plots was developed to increase the clar-
ity of presentation. The maximum of 15 plots
is divided into three sets of translation
(nine plots) and two sets of rotation (six
plotsy.

An automatic scaling feature provides max-
imum resolution (the operator may override this
feature and specify a particular .cale, if de-
sired). For comparison purposes, however,
scaling for the total set of translation plots
is calculated on the basis of all data to pe
pletted. Similarly, the scale for rotation is
calculated for all plots.

A set of <tick plots may be made on tha
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alphanumeric graphic CRT (quick-look) or the
digital plotter {report quality hardcopy).
These plot degree-of-freedom versus station
number and are formatted to provide perturbance
definition along each axis.

Decay Curves

This display is used to assess the purity
of a mode by noting the amount of beating pre-
sent. C(urves generated during a modal decay
with only the target mode excited will reflect
no beating.

Off-Line Co-Quad Analysis

This processing (by a central reduction
laboratory) is accomplished by digitizing and
reducing the taped analog data to the desired
engineering unit output.

This reduced data permits an assessment
of the operation of the force servo subsystem
and detection of the approximate frequencies
at which the response of the structure is sig-
nificant.

CONCLUDING REMARKS

The automatic modai tuning and analysis
system described herein is capable of meeting
the requirements of a modal survey of zny
structure comparable in size and complexity to
the Skylab payload. The techniques and nethods
employed in the AMTAS will allow the s»stem to
be expanded to meet the requirements of larger
structures  During the application of AMTAS to
the Skylab modal survey, several improvenents to
the system were dzfined. Those improvements,
representing significant increases 1o overall
capability, are discussed below.

Suspension System

The ancillary suspension system should
become an integral part of the system to per-
mit computer control of the suspension system.
Single parameter (position) or dual parameter
(10ad or pressure and position) feedback can
be utilized for positive control of the test
article suspension.

Technical Writer's Log Input

An additional CRT/KBD displas unit should
be incorporated for use by the technical
writer. Test comments could be composed in the
local mode utilizing the edit features of the
unit. After the text is completed, the comments
couid be entered by a send comnand. The entire
sequence log, including comments, should be
displayed on the line printe: and stored on
digital magnetic tape.

Modal Survey Simulator

Training could be facilitated if a sim-
ulater softweie package were developed and
wncluded as an on-line option. Data stored




during the Skylab modal survey couid be
utilized for a realistic simulation of 2 moda}
survey, including wideband and narrowband
sweeps, tuning operations, modal decays and
dwells. This approach would eliminate %z neeo
for e structure for training ourposes.

Test Procedure Display

A separate CRT (monitor only) unit
should be incorporated to display the test
nrocedure with siaved monitor units at each
test station. This wculd eliminate the com-
plexity of foilouing the test operation as

the mainline program will automatically dis-
play the correct page of the procedure and
scroll 1t forward as the test progresses.
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DISCUSSION

Mi. Hodge (Lockheed Missiles & Space Co.):
In your post processing, what was vour orthog-
onality criteria? What determined whether the
mcde was acceptable?

Mr. Salyer: That is really covered in the
next paper("Skylab Modai Survey Testing”). We
shot for ten percent.
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SKYLAB MODAL SUXVEY TESTING

d. 2. Nichols
NASA-Marshall Space Flight Center
Huntsville, Alabama

R. E. Hul and B. 1. Bejmuk
Martin Marietta Corporation
Denver, Colorado

plex structural systems,

Recently completed modal surveys of two Skylab orbital laboratory configurations
are described, Included are discussions of test philosophy, pre-test analyses,
testing methods, the test results, and correlation of the test modes with analytically
¥ derived vibration modes. The phase-separation techniques used and the multi-
shaker ex:itation proved to be a highly successful method for testing coupled, com-

r INTRODUCTION
;

The Skylab orbital laboratory was designed to
provide a long-term living and working environment
for three men in orbit around the earth. A SaturnV
upper stage was converted into living quarters and
a primary working area for the laboratory. Compat-
ible hardware was designed to provide docking ports,
airlocks, and supports for heavy, sensitive experi-
ments, This paper describes recenily completed
full scale modal survey tests of two configurations of
the Skylab, excluding the living quarters and primary
working area.

Since normal vibration modes provide the
basis of all dynamic loads and stability calculations,
it is necessary that these data be accurately deier-
mined to assure the total dynamic adequacy of a
system, On new and complex structural systems,
mecdal survey tests are usually mandatory to obtain
the accuracy required, This is particularly true on

N complex structures that must support highly sensi-
tive equipment or be man rated. The Skylab vehicle
had to satisfy both of these requirements, The
philosophy governing the subject modal tests was to
«cquire all structurally significant vibration modes
in the frequency range affecting structural loads and
flight controls computations, Comparison of the
normal modes acquired during the tests with analyt-
ically predicted modes facilitated the verification
01 the mathematicai model and exposed specific areas

. where modeling was inadequate,

, Modal surveys were conducted on two
physically distinct configurations. These consisted
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of the Skylab launch and erbita1 configurations
shown in Figs. 1 and 2, The launch configuration
consisted of all hardware above the Saturn S-IVB
stage workshop, including the S-IVB forward skirt,
The total system tested weighed approximately
130,000 1b and was 80 ft long, The orbital con-
figuration consisted of the same structure, but with
the payload shroud jettisoned and the Apollo Tele-
scope Mount deployed. The Apollo command and
service module was dockrd to the axial port. An
air bag support system simulated a free boundary

¢ ~ndition for both tests. The modal survey of the
launch configuration structure was performed first
and providcd valuable experience wh -h was used to
alter several areas in the approach to the orbital
configuration modal surv-v. These differences in
the conduct of the two tests and their effects on the
results obtained are emphasized in the discussion of
the testing techniques.

Prior to the Skylab program, large rockets
4nd space vehicles were excited duxing dynamic
tests by placing shakers in one plane only and re-
cording the resulting motion, This type of testi .g
18 adequate on simple structures that have very
little mass and stiffness coupling between planes and
when modes are fairly well separated. Skylab is 4
highly coupled system with a2 aense concentration of
modes below 20 Hz. This made a multiple plane
excitation system mandatory if individual modes
were to be isolated and mapped. A unijue multi-
shaker control and online data acquisitiop system
known as AMTAS {Automatic Modal Tuning and
Acquisition System) was utilized on these tests.
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Fig. 1. Schematic of the launch configuration dynamic test article

The AMTAS measures the total acceleration
response and resolves it into vector components in
phase with a selected force and one 90 degrees out-
of-phase with the force. These components are de-
fined as the coincident (CO) and quadrature (QUAD)
response vectors, respectively, At resonance the
quadrature component represents .he total response,
since the in-phase component is zero, The phase-
separation technique had been used with previous
success in the aerospace ‘ndustry, but this was the
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first time on a system as large as Skylab, The
Ohase-separation technique coupled with multi-
shaker excitation proved to be an efficient and ac~

curate method for defining system modal character-~
istics,

Because of the phvsical size and complexity of
the Skylab structure, several problems were encoun-
tered in formating and evaluating the va-<. amount of
experimental data obtained, Also, a schematic
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approach to correlating the test data with analytical
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Fig. 2. Schematic of the orbital configuration dynamic test article

PRETEST ANALYSES
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results had to be formulated before assessments
could be made. These topics, alopg with refinements
made in other areas and helpful aids in acquiring

Prior to starting actual modal testing, mode
shapes and frequencies for both test configurations
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data, are discussed :n the following sections of this

paper.
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used for further analytical pretest studies and
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were calculated, The results of these analyses were
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subsequent post-test correlations with the test data,
The mode shapes and frequencies were derived using
the same technique as was used in calculating modal
data for design loads purposes. The technique is
known as the Modz1 Synthesis Method and is de-
scribed 1n detail in Reference 1, Briefly, in ap-
plying this technique, the structure to be analyzed
is considered to consist of an assemblage of struc-
tural components, One of the components is desig-
nated as the "main beam", while the remaining
components are considered to be "branches'' which
are to be inertially coupled to the "main beam."
The process involves calculating mode shapes and
frequencies for each 'branch' when constrained at
the various '"main beam' interfaces. The "branch"
mode shapes along with the "main beam'' mode
shapes are mathematically combined to form the
coupled system for which coupled mode shapes and
frequencies are calculated for the entire structure.

Figs. 3 and 4 indicate the various “branches'
and ""main beams" used in calculating the coupled
mode shapes and frequencies for the launch and
orbital configurations, respectively. The results of
the coupled analyses indicated 205 modes in the
launch configuration test frequency range of 0 to 50
Hz, The orbital configuration analysis resulted in
78 modes within the 0-to 20-Hz test frequency range.
The final coupled models contained 425 and 630 net
diccrete degrees of freedom for the launch and
orbital configurations, respectively.

Further pretest analyses were performed for
the purposes of determining accelerometer measure~
ment and modal shaker locations, measurement
transformation equations for data reduction, and
mass matrices for on-site orthogonality checks.

Due to limitations in data acquisition and re-
duction capabilities, along with availability of accel-
erometers, each test was limited to 200 accelerom-
eter measurements per test mode, As a result,
kinetic energy studies of the analytical modes were
performed in order to determine optimum measure-
ment locations for each of the test articles. In
determining the 200 locations, emphasis was placed
on instrumenting those areas which could be expect-
ed to have significant kinetic energy contributions in
the greatest number of highly-coupled modes within
the test frequency range, After determining the lo-
cations, transformation equations were generated
(based on accurate laboratory accelerometer loca-
tion measurements) for the purpose of transforming
the measurements to the mathematical collocation
points. These transformations were used along with
analytically derived mass matrices to transform and
normalize the test data and obtain on-site orthogo-
nality checks and plots of the test modes. The mass
matrices were der{ved from analytical component
matrices using static reduction techniques.
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A further pretest analytical effort invelved
determining physical locations for the 150-pound
modal shakers used to excite and isolate the test
modes., These studies were necessary due to limi-
tations on quantities and implementation of the
shakers. The studies were further complicated by
physical clearance limitations in the laboratory.

For each test, a limit of twelve shakers
could be simultaneously activated during modal
tuning, In addition, the shakers could not be arbi-
tarily moved about the structure during tuning
operations. As a result, nineteen permanently
located shakers were designated for the launch
configuration and twenty-one for the orbital cornfigu-
ration, As previously indicated, any combination of
twelve of these shakers could be used for modal
tuning, The shaker location studies were concerned
with determining which of the physically possible
shaker locations could be used to excite the modes
of interest. The selection process was analytically
conducted and the final locations were based on
maximizing the accelerations of the modes of
interest while simultaneously suppressing accelera-
tions in neighboring modes in order to maximize
modal purity.

MODAL TUNING METHOD

The "'co-quad" method of modal tuning was
used for both Skylab modal survey tests, The fol-
lowing paragraphs briefly describe the essential
features of the method. Detailed discussions of co-
quad tuning are found in References 2 and 3.

The co-quad method involves resolving the
total acceleration at each measured point on the
structure into coincident (co) and quadrature (quad)
components which are ia- ard out-of-phase, respec-
tively, with a reference force signal ("'master"
shaker), These components are expressed mathe-
matically as

Quad = |F| |Al sind (1)
Co =|[F[ |A] cosd (2)

In the above equation, F is the value of the reference
force, A is the total acceieration at a point on the
structure, and ¢ is the phase angle between the
reference force and acceleration vectors, Clearly,
as the phase angle approaches 90°, the quad com-
ponent will approach a maximum while the co will
approach zero, Fig. 5 depicts the classical rela-
tionship between these components and the total
acceleration as frequency is increaged through a
resonance, In addition, it can be seen that, if the
total acceleration 18 expressed as a complex quanti~
ty, the imaginary portion is analogous to the
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Fig. 3. Breakdown of launch configuration dynamic test
article into components for vibration analysis

quadrature while the real part is analogous to the
coincident component.

In actual lahuratory practice, structural
resonances are iuentified by first performing single-
shaker "wide vand'' sweeps through the frequency
range of interest. A portion of a typical single-
shaker sweep is shown in Fig, 6., This figure shows
the variation of co and quad components with
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frequency. After completion os the sweeps, the
identified resonances are dwe'led upon with the i
tention of excitinz and isolating the attendant mos
This "tuning' process essentially consists of

attempting to maximize the quadrature response.
for the mode of interest by varying shaker force
amplitudes and phases, In practice, the quadrat
responses will be comprised of components fron
peighboring modes as well as the mode of intere

- Faues f o a e o

b A B T




e ———————

e ————

o oo =
e gt

e g,

STA ATM
3545 -— ~ — 4—

CANISTER SPAR/GRA
BRANCH  BRANCH

STA 3342 —

ATM/DA BRANCH

STA 3339
FAS
STA 3258 !
v
STA 3222
OWs
SKIRT ' F¥0
STA 3100 »
BASE RING
MAIN BEAM

—STA 3929
‘ CsM
—S$TA 3717
STA 3650
~— $TA 3605
CSM BRANCH
—STA 3605
MDA
—$TA U
TS
5 —STA 3392
__STA
3342

I g ——STA 3239

MDA 'STS/AM BRANCH

Fig, 4. Breakdown of orbital configuration dynamic test article
into components for vibration analysis

As a result, the "ideal' relationship shown in Fig, 5
seldom exists. '"Narrow band'' shaker sweeps are
utilized during the tuning process as an aid in identi-
fying the neighboring modes and the severity of
coupling with the niode of interest, Thase sweeps
may cover a range, for example, of one cycle on
either side of the desired modal frequency and yield
high resolution online plots of co and quad variations
in this range. The effects of each change in shaker
amrlitude and phase is determined uging the narrow
band sweeps, Once the quadrature responses have
been satisfactorily optimized throughout the struc-
ture, the degree of success in isolating the mode of
interest is determined by recording decay histories
of acceleration after all shakers are simultaneously
deactivated, The presence of "beating' during decay
will indicate lack of purity. A further check on
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modal purity can be obtained through orthogonality
checks.

The co-quad method of modal tuning was uged
quite successfully during both Skylab modal surveys.
The greatest advantage of this method over other
methods lies in the high degree of visibility provided
by automatic online decomposition of the total
acceleration into co and quad components.

TEST PROCEDURES AND DATA EVALUATION

Since the objective of the Skylab modal sur-
vey tests was to acquire only significant vibration
modes of (e launch and orbital configurations,
emphzgis was placed on modes characterized by the
motion of major components of the system.

ot

2 kea®




¢

.

ACCEL TOTAL —-———-—"7'

ACCELERATION,,

\ TOTAL
1 ACCELERATION

IMAGINARY =]
PART (QUAD)

ASE
»l FORCE

REAL PART
(co)

Fig. 5. Relation of co and quad to real and imaginary part of steady state response vector

ACCEL

<+ QUADRATURE

COINCIDENT

FREQUENCY

FREQUENCY

Fig. 6. Typical section of a wide band single shaker sweep

A large number of modes involving small, isolated
components was not mapped since they were not
considered significant to the scope of these tests.
The following dicussion gives an overview of the
tests conducted and the problems encountered dur-
ing the course of testing,

a, Pretest System Checkout

Occasionally, at the start of testing,
the significance of a thorough system checkout is
overlooked in favor of obtaining test data on or
ahead of a planned schedule, It should be recog-
nized that the pretest system checkout does yield
valuable data which can save many days of man ef-
fort and schedule time, This is accomplished by
eliminating instrumentation and data acquisition
problems at the start through the use of efficient
and systematic planned procedures, Because of the
large number of accelerometers used on the Skylab
tests and complexity of the online data acquisition

system, considerable effort was allocated to the
pretest checkout,

The polarities of accelerometers were veri-
fied by exciting the test articles in suspension sys-
tem modes and observing the resulting rigid body
motion. A unity quadrature check was also per-
formed to verify the operational capability of the
data acquisition system downstrear. from the cn-
quad analyzer, Input of a quadrature value of unity
was used to simulate the reading of accelerometers
in all coordinate axes, In each case, these simu-
lated readings were processed through all of the
data reduction channels, including transformations
of motion to the analytical modal mass points and
then producing the corresnonding online plots.
Several errors in the transformation equations were
exposed and corrected, as well as some hardware
problems that would have been difficult, if not im-
possible, to spot without an atteutive systematic
check. Additional routine data checks were made
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throughout the test program as part of the test pro-
cedures to verify the quality of data obtained. Fail-
ures in data acquisition equipment and configuration
change errors were uncovered by these routine
checks that would otherwise have gone unietected for
days as piles of data were accumulated. Obviously,
this would have resulted in an unforgivable waste of
time and resources.

b. Wide-~Band Frequency Sweeps

At the outset of each test, wide~band
frequency sweeps were made to experimentally
identify significant modes of the Skylab system.
During the launch configuration test, single-shaker
sweeps were made from 5 to 50 Hz at each of the
19 shaker locations. Likewise, on the orbital con-
figuration test, frequency sweeps were conducted
from 1 to 20 Hz, Only selected shaker locations
wure excited on the orbital test, In some cas=2s,
two shakers with either 0 or 180° phase were excited
simultaneously to obtain the desired response
spuctrum, Accelerometer data were acquired at
selected measurement points, decomposed into the
coincident and quadrature components, and plotted
as a function of frequency. The frequency sweep
rate of 0. 5 Hz/min yielded near-steady-state
response during these sweeps. Examination of the
co~cuad plots facilitated approximate definition of
the mode shapes and their frequencies. During the
single~shaker sweeps performed on the launch con-
figuration test article, only three accelerometer
measurements were acquired for each sweep, Esti-
mation of mode shapes from these limited measure-
ments was difficult and in some cases, impossible.
As a result of experience gained from these tests,
the number of accelerometers was increased to 56
for the orbital configuration sweep test, This
allowed a more accurate estimation of the mode
shapes and greatly enhanced the tuning of the orbital
configuration modes.

A typical section of a wide band, single-
shaker sweep plot is shown in Fig. 6. The measured
amplitude ai resonant peaks was tabulated as a func-
tion of frequency and location for each accelerom-
eter. Data from all the accelerometers were listed
1n matrix form so that the existence of a mode would
be more readily apparent, This type of formating
worked exceptionally well when there was good sepa-
ration between modes. At the higher frequencies,
identification became more difficult because of the
higher modal density. This might be eliminated on
future tests by taking s.maller frequency increments
when conducting the freqnency sweeps, It should be
mentjoned that separation can be difficult even at the
lower frequencies, since some modes appear in
pairs and very close in frequency. This occurred at
some of the lower bending modes due to slight stiff-
ness and mass differences betwezn the pitch and yaw
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planes. A pretest analysis was used as a1 aid in
identifying these conditions, Once their existence
was recognized, it was no problem separating them
during the modal tuning operation.

c.  Tuning and Acquisition of Modes

The approximate shapes of frequencies
of major modes were acquired from the tabulated
wide~band frequency-sweep data. Three-
dimensional vector plots made for each deflection
pattern aided in selecting shaker locations, phasing
shakers, and choosing instrumentation to be moni-
tored during the tuning process. Considerable ef-
fort was expended in analyzing the data and making
the above selections. However, it was time well
spent. Modes that could be approximately defined
in this manner were tuned in only a fraction of the
time required for ill-defined modes.,

A total of 12 shakers could be controlled
simultaneously during the modal dwells, A photo-
graph of the control panel is shown in Fig. 7.
Approximate tumng of the modes was accomplished
by varying force amplitudes while monitoring
Lissojous patterns of selected accelerometers and
the master shaker. Final tuning required further
manipulation of the shaker forces and phases while
observing quadrature and coincident component
vector amplitudes. A mode was considered to be
well-tuned when the quadrature was maximized at
points of largest displacement and the co vector was
less than 10 percent of the quad amplitude.

Prior to the acquisition of data, the purity of
a mode was verified first by performing a narrow
band frequency sweep through the established reso-
nance. Several selected acceleration measurements
were acquired and plotted as shown for the wide~
band sweep data. If the plots showed that neighbor-
ing modes had been depressed, the next step was to
acquire decay traces of several selected accelerom-
eters and examine them for beating, If any one of
the purity checks was negative, additional tuning
was required. When this occurred, new shaker
locations were usually selected with the aid of the
co-quad data from the unsuccessful dwell, The
entire tuning process was then repeated,

Acquisition of 2 mode using AMTAS involved
recording the 200 acceleration measurements fol-
lowed by analog-to-digital data conversion. Digital
decomposition of the total acceleration into coinci-
dent and quadrature components and transformation
of the quadrature data from the accelerometer lo-
cations to the mathematical model mass collocation
points was then accomplished. Online printouts of
total acceleration, coincident and quadrature com-
ponents, and the co-quad ratio were generated,
Quadrature data, normalized with respect
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Fig, 7. Vibration test control room

to the mass matrix to yield a generalized mass of
unity, were used to produce two-dimensional plots of
the mode shape immediately following acquisition of
the mode.

During the launch configuration modal survey,
24 unique modes were acquired in the frequency
range below 50 Hz. Orthogonality of these modes
with respect to the mass matrix is shown in Table 1.
Table 2 shows the orthogonality between (¢ 25
modes acquired during the orbital configuration test.
The off-diagonal terms shown in the orthogonality
matrices are not squared., Therefore, they repre-
sent true-coupling hetween the modes involved., In
most cases, the orthogonality results are excellent.
Some modes do show strong coupling, but a few high
off-diagonsl terms ghould be expected due to the
limited number of accelerometers and shaker loca-~
tions used.

The first elastic mode of the launch configu-
ration test article is shown ir. Figs. 8, 9, and 10,
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Two-dimensional plots similar to those produced
on-line during the test are shown in Figs, 8 and 9.
Fig. 10 provides a pictorial display of the same
mode. Only motion of large components pertinent
to the description of the character of this mode is
shown, Figs. 11 and 12 depict the first elastic
maode of the orbital configuration test article in the
same fashion,

COHWRELATION OF TEST AND ANALYSIS

The correlation process leads to either con-
firming the mathematical model or exposing its
deficiencies. The Generalized Mass Contribution
(GMC) method, described in Reference 4, greatly
aided in this correlation. The fractional distribu-
tion of the normalized kinetic energy throughout the
structurc was computed for both the test and analyt-
ical modes. A least-squares {it method was then
used to find the best match between the GMC distri-
bution of a test and an analytical mode. Frequency
and mode shape plots we.e used to further confirm
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Fig. & Launch configuration first elastic mode, main beam deflections

the GMC correlation. A sun.mary of the frecuency
correlation results is shown in Tables 3 and 4 for
the launch and orbital configurations, respectively.

The launch configuration correlation analysis
exposged 2 serious modeling crror in the airlock
module tunnel and at the MDA/STS interface repre-
sentation, The frequency of modes involving large
elastic deformation of these areas was up to 25 per-
cent low-r than analyvtically predicted, The first
elastic eapertmental mode was found at 3,35 Hz com-
pared to 7,25 Hz, as analytically predicted. Change
in a local area stiffnecs of the math model was re-
quired to make analyses agree with the test results,
The airlock module nitrogen storage tank supports
were a2lso found to be 1n error and were remodeled,
Differcnces between the test and analytical frequen-
cies of the FAS oxygen storage tanks were attributed
to structural differences between the test and fight

hardware. A correct representation of the test
hardware eliminated these discrepancies.

The orbital configuration confirmed the
modeling problem in the AM/STS area that was ex~
posed by the launch configuration test, A stiffness
error in the ATM deployment assembly and the com-
mand,/'service module interface representations was
also found and corrected, Post test frequencies in
Table 4 reflect these changes in the math model.
Some of the higher frequencies of the launch configu-
ration shifted to give worse correlation frequency-
wise than before mode! rework. However, modal
amplitudes and phasing between different parts of the
structure were greatly improved to give a better
overall correlation,
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Fig. 9. Launch configuration first clastic mode, MDA/AM deflections
SUMMARY

The co-quad technique, coupled with multi-
shaker excitation, proved to be an efficient and ac-
curate method for defining the Skylab cvstem's
modal characteristics. Refinements in test tech-
niques and procedures were made as the testing
progressed, Only three accelerometers were moni-
tored for cach wide-band frequency sweep on the
launch configuration. This proved to be an inade-~
quite amount of instrumentation to allow gross defi-
nition of the required modes. This problem was
corrected on the orbital configuration since assess-
ment of mode shapes prior to the tuning process was
extremely helpful in tuning ¢ mode,

Severil purity checks were made during the
course of acquiring modal data. The online
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orthogonality checks and the narrow band frequency
sweeps proved to be the most useful evaluations.
Orthogonality calculations were particularly helpful
in the evaluation of modes with rlosce frequencies.

During the post~test data evaluation and sub-
sequent correlation with analysis, modal plots
failed to provide the information required for ac-
curate detailed comparisons, The gencralized
mass-contribution method, as previously described,
provided the necessary tool for defining and sorting
the characteristics of both the analytical and test
modes, From the distribution of the generahized
mass, the dominant subsystem or active structural
areas in each mode was easily defined,




Fig. 11. Orbital configuration first clastic mode,
pictorial representation

' Fig. 10, Launch configaration first elastic mode,
pictorial representation
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Fig. 12. Orbital configuration first elastic mede, main beam deflections

The test data and correlation technique de- werc uncovzred and have been corrected, The im-
scribed provided valuable informatfon for verifying pact of these math model changes on loads and sta-
dynamic math models of the Skylab, Several errors bility analysis results is still being assessed at the R

time of writing of this paper,
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TABLE 3

Summary o: Test and Analytical Modes Correlation, Launch Configuration

Teast Mode Correlating Pre test Correlating Pre-test
Analytical Mode Anatytical Mods
No Fraquency, Hz Frequency, Hz Frequency, Hz
1 0.73 0721 0,720
2 5371 7.268 5.236
3 5537 7.856 5.460
4 7541 7768 ~.788
£ 8.791 10267 8.018
[ 0.208 1035 8083
7 10.39 11,073 9891
8 11.30 12 608 10862
' [] 13.45 13 986 13.220
10 15.16 16.326 15.373
1n 1687 18.119 15,072
12 16.28 16.6€7 16.780
13 1656 20.150 16.201
14 1792 20.378 19.165
15 18.78 19,083 18815
18 20,28 21,783 19,956
17 21.96 23.992 30,249
X 1] 222" 23380 28.904
19 234 24,928 22.640
2 232 . .
2 26.93 M .
22 4089 . .
3 43,63 42,062 42,060
24 43.99 43.088 34,380
*No Anaiytical Mode Could Be Correlated
TABLE 4

Summary of Test and Analytical Modes Correlation, Orbital Configuration

Gtatona b WIS FF NI Erds B0 = o

B ‘

Test Mode r Corralsting Pre-test Corralating Post-tast
Analytical Mod¢ Analytical Mods
No. Fregquency, Hz freguency, Hz Freguency, Hz
1 W 0.2 0.28
2 0.2° 0z 028
3 1N 137 1,279
4 1.43 187 1.377
13 1.68 1968 1,670
[} 174 1.99 1,643
7 281 2,68 23%
8 3.08 3s2 3.161
f 4,10 kK- ] 3N
1. 489 832 4,323
1 v.03 843 A5%
. 12 558 5.7¢ 8,708
13 6.3 7,04 6,862
113 873 9.10 2192
18 a8 9.3¢ 9406
16 1159 1284 .
4 17 1208 1278 12072
18 13.30 13.01 12508
i 13.08 1.2 13323
20 1456 1497 14.8%%
g 15.40 13.97 14,858
2 18.20 1704 17.883
23 18.53 18.32 18.381
24 17.01 1951 19,644
' *N  arslytical Mode Could Be Correlated
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DISCUSSION

Mr. Arthur (Aerojet Solid Propulsion Co.):
You said that the main reason that you did the
modal survey was to chec.. your mathematical
modal. I'm wondering why you didn't just
check a simple frequercy response test against
your mathen *tical results,

Mr. Bejmuk: There are several philoso-
phizs as to whether one should perform a full
scale modal survey or whether monitoring the
frequency response will suffice, We felt
that performing a modal survey of the type we
did, short of actually monitoring the flight
data, was the only effective metnod of learn-
ing the correctness of the mathematical modal,
If you recall, this was a man-rated, single-
flight mission with a lot of new hardware
involved, We felt we needed a wmodal survey.
In fact, I wish I had a little more time, I
wouid have gotten into some of the results that
we obtained and the impact or the 2nalysis
which was done on a pretest basis, as well as
improvement which were made as results of the
test. I +think it would have become obvious
thac t e money sn the test was well spent,

Mr. Kodge (Lockheed Missiles and Space
Compans): What was your orthogenality criteria?
What detcimined whether you accepted a mode cr
1ejected it?

Mr, Belmuk: Criteria for acceptance or

rejection of a mode was not evrlusively based

orthogonality? We were looking at narrow
hand sweeps that we performed just prior to
mode acquisition. We have looked at the prirt~
out of answers, We have looked at the
appearance of coincidence and quadrature at
the -oordinates recorded. That served in part
for assessment as to whether the mode was good

18

o~ required additional retuning., We felt, due
to the complexity of the structure and the
limitation of only 12 shakers that we could
control at a time, that if we had thirty per-
cent non-squared terms in our diagonal 1t wouid
have been a successful test, Of course, our
results loocked much better than that.

Mr., Hodge: How did your results comparc
to your analytical modal?

Mz, Bejmuk: On launch con{iguration we
found a little greater disagrecment between
test and analysis. For example, the first
elastic mode was predicted at 7.2 Hz and found
at 5.3 Hz. How, that looks like a considerable
frequency span but, 1f we consider that the
mode actually 1nvolved elastic motion on o.e
of .he interfaces, we found it was extremely
easy to correct. in fact the iavolved contractor
did correct the model, We nave rerun the
analysis and we have evcellent agreement now,
We could not have assessed that disagreement
without the test,

Mr. Hodge: dow about the first mode 1n
the orbital configuration?

Mr. Bejmuk: The mode in the orbital
configuration was r:ght on the hottow. The
simple reason 1s that, prior to g7-g nto the
orbital configuration test, we alreal. nad some
knowledge with re,pect to the problem of our
model derived frem the launch configuration
tests. So our analysis was nnt exactis the
pretest aralysis. We already had some know-
ledse of the modeling probierms wiich vere
incornocated inte unr analvtical model. ihe
resvlte were exceliont. The first nodc was
someth.ng like 1.3 versus a predicted of 7,41,
1t was a few hundredth: of a liz,
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USE OF GENERALIZED MASS CONTRIBUTIONS IN
CORRELATION OF TEST AND ANALYTICAL VIBRATION MODES

Robert E. Hull and Bohdan I. Bejmuk,
Martin Marietta Corporation
Denver, Colorado

and

J. Nichols
National Aeronautics and Space Administration,
Marshall Space Flight Center
Huntsville, Alabama

A technique for the use of generalized mass contributions of
discrete structural degrees of freedom as an aid in correlating
analytically derived vibration moaes with modes acquired from
modal survey testing is described. Examples of the application
of this method in the correlation of Skylab vibration modes are

presented.

INTRODUCTION

After completing a spacecraft modal sur-
vey test program, the structural dynamicist
is confronted with the task of comparing or
"correlating™ measured spacecraft vibration
characteristics with corresponding analyti-
cally derived characteristics, The data to be
compared congist of mode shapes and corre-
sponding modal frequencies., The usual
procedure 1s to compare directly plots of the
test and analytical mode shapes. K the plot
of an analytical mode appears similar in shape
and amplitude with a given test mode plot, the
two modes are said to correlace. The fre-
quencies corresponding to the correlating
mode shapes may or may not differ signifi1-
cantly.

Although this procedure may be adequate
for use in relatively simple structures, the
structure may be quite complex, consisting
of an assemblage of many large truss and
shell components, with the components con-
taining some type of "local" appendages.
During forced excitation, the responses of
the appendages couple with the responses of
the overall structure and these responses may
be very closely spaced in frequency. The
modal shape of the overall structure in one of
the coupled appendage modes may closely

resemble that of a truly overall structural mode.

Because in a highly coupled system these modes
are very easily mistaken for each other, before
attempting to correlate test modes with the
analytical modes for a complex structure, one
must be able to "sort out' the local modes from
the overall structural modes,
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The generalized mass contribution (GMC)
technique presented here provides a tool for
determining the characteristics of each mode
shape by determining the distribution of
kinetic energy throughout a mode, With this
information, the analyst can then differentiate
between overall structural and local modes.

In addition, GMC distributions for both test
and analytical modes can be directly compared
in attempting to correlate the modes,

The technique for determining GMC dis-
tributions is commonly employed 1n vibration
analyses. The essential purpose here i3 to
illustrate the use of these distributions as a
tool for correlating test and analytical vibra-
tion modes.

The following discussion reviews the
method ior determining GMC distributions
The results of a simple beam analysis are
presented to illustrate the method. Finally,
the application of the method of the correlation
of Skylab vibration modes is presented,

DETERMINATION OF GMC DISTRIBUTIONS

A GMC distribution indicates the contri-
bution of each discrete structural degree of
freedom to the total generalized mass for each
of the normal -10des of a vibrating structure,
The determination «f this distribution is based
on the kinetic nergy expression for the vi-
brating structure given as
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KE = 1/2 44} T M) {q} 1)
where ¢1s a column matrix of discrete veloc-
ities at a fimte number of points located
throughout the structure, and M is a mass
matrix representing the vibrating mass at each
of these points. For a linear structure, the
velocity at any powmt in the structure, (ji, can

be expressed as the sum of the velocities in
each of the normal vibration modes for the
structure, that 1s

q, = 5: q} )

]_

where the superscript refers to a normal
mode number. Transforming equation (2) to
modal coordinates and using matrix notation

gives
{a} = [e]{é} . (3)

In equation (3), ¢] is a matrix of orthogonal
mode shapes for the structure, and{t}is a
column matrix of modal velocities with each
element corresponding to the generalized
velocity of the modes, Each column in {¢]
is a mode shape containing the modal ampli-
tudes for each discrete degree of freedom in
the mathematicol model, These modal
amplitudes can be normalized in an arbitra.y
manner, and it is convenient to normalize
them so a generalized mass of unity is ob-
tained for each mode. Substituting equation
(3) into the kinetic energy expression (eq 1)
gives

ke=1/2{E) Tlo] T(M][e]{E}. @

The inner triple matrix product in equation

{4) is defined as the generalized mass nlatrix,
If the mode shapes have been previously
normalized to give unity generalized masses,
this triple product will yield an identity
matrix, If the modes have not been previously
normalized in this manner, it is accomplished
oy letting

foM] = (61T M) (4] ®)

where [GM] 1s a diagonal matrix of generalized
masses for each mode. The normalization
process consists Jf dividing each modal
amplitude in a given mode by the square root
of the generalized mass corresponding to that
mode. A typical normalized modal amplitude
for the ith degree of freedom in the jth mode

is

¢y % - (oM. \172 ®)
Norm Non norm ij .

The GMC matrix is calculated by first letting

nxm

nxn
M) [o]] ")

nxm
(D]

H
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where n is the total number of discrete
degrees of freedom and m 1s the total number
of modes. It can be seen that equation (7)
represents a portion of the generalized mass
triple matrix product contained in equation
(4). That is, if equation (7) is premultiplied
by the transpose of the modes matrix, the
unity generalized mass matrix will result.

If, however, we only multiply corresponding
elements of the modes matrix {nontransposed)
and the matrix result of equation (7), the
GMC matrix is obtained, That s

GMCIJ. = oi] Dx] . (8)

Each column in the GMC matrix corresponds
to a given mode shape. Each element in that
column corresponds to a discrete degree of
freedom, and the value of that element is
that degree of freedom’s "'generalized mass
contribution" toward the total generalized
mass value of 1.0, The column, taken in
total, represents the generalized kinetic
energy distribution of the degrees of freedom
for that mode,

It can now be seen that, if both analytical
and test mode shapes are normalized (per
equation 8) using the same kernel mass
matrix, the generalized mass contributions
for analysis and test may be directly com-
pared,

To provide a simple example, a uniform
beam with an attached concentrated mass
Fig. 1(a) was analyzed. The purpose of
this example is to demonstrate the value of
the GMC matrix in evaluating the dominant
characteristics of mode shapes, Plots of
the first two elastic modes for this system
are shown in Figures 1(b) and (c). It can be
seen that both shapes exhibit "first vending”
characteristics in the beam portion of the
system, with the concentrated mass first
in phase and then ot of phase with the beam,
Examination of the mode shape plots does not
readily reveal where the dominaat motions
iie. To determine this, GMCs were calcu-
Jated for each mode, The individual degree
of freedom GMCs for the beam were summed
to determine the total beam contribution in
each mode, The results, as shown in Figures
1(b) and (¢), indicate that the first elastic
mode is dominated largelxdby the response of
the concentrated mass (GMC of 0, 73), while
the second mode is dominated by the bea
with a total GMC of 0.78. For a complex
structural system containing many "local”
systems such as the concentrated mass in
this example, a GMC calculation based on
the analyticai model is of great value in
determining whether a given "loccal” systen
should be instrumented for a modal survey of
the structure in the laboratory. In the above
example, if the concentrated mass were not
instrumented during modal testing, only the
beam portion of the mode shapes would be
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measured and correlation with analytical USE OF GMC MATRICES IN MODAL SURVEY
shapes could be quite difficult since the TESTING

first and second modes exhibit similar shapes

along the beam, Prior to starting a modal survey test,

mode shapes derived from a mathematical
model of the structure to be tested are
usually available, If a GMC matrix is cal-~
culated using the analytical modes and mass
matrix, the results can be used to determine
the number of accelerometers required and
their locations in the structure. That is,
the GMC matrix provides information as to
which portions of the structure have signi-
e d ficant contributions to the total kinetic energy
T - in each of the analytical modes included in
the test frequency range, Since practical

BEAM El + 8333 x 109 Ib-m.2 limitations in test instrumentation usually
Io-s require compromises in the total number of
TOTAL BEAM MASS = 20.0 === degrees of freedom to be measured, a study
105 of the analytical GMC matrix will help ensure
M= L0 = that the most significant degrees of freedom
K+ 0,146 x 100 1b/in, are retained for measurement.
(a) UNIFORM BEAM EXAMPLE After completing testing, 2 GMC matrix

can be calculated for the test modes and
compared with a corresponding matrix for
the analytical modes as an aid to the correla-

0.67 f»51.5 Hz tion effort.
TOTAL BEAM GMC = 0.27 . )
0.34 CONCENTRATED The correlation phase of modal testing

. requires a large amount of engineering
NORMALIZED QSS Ghe {y judgment. The GMC matrix comparison

0.0 aids the engineer in making the best judgments
by providing a tool that goes beyond direct
DEFLECTION [P s
<V “ BEAM mode shape plot comparisons, However, it
v -0.37 is emphasized that since the GMC matrix
provides no information in regard to relative
-0, 64 phasing of the various structural compon.nts
CONCENTRATED in a given mode, the plot comparisons m_st
ok 4 MASS be employed in conjunction with the GMC
’ ib) FIRST ELASTIC MODE matrices.
0.6 CONCENTRATED I the mathematical model of the test
¢+ MASS structure is not suspected to be grossly
03 inadequate, a “least-squares" method of
- comparing test and analytical GMC matrices
i can be satisfactorily employed. This method
0,04 e — consists of determining the sum of the squares
\ / of the differences in the GMCs for each test
3 -—’K mode, taken one at a time, with every analyt-
' BEAM ical mode, The analytical mode for which the
{755 H sum of the squares is a minimum would con-
-0.6 TOTAL BEAM GMC - 0.78 stitute the "best fit" of the GMCs for the test
l CONCENTRATED mode. To perform this calculation, a column
0.9 MASS GMC = 0,22 matrix of GMCs for a given test mode is selec-
(©) SECOND ELASTIC MODE ted and subtracted from every column of the

analytical modes GMC matrix. This results

in a matrix of GMC differences having the
same size as the anzlytical GMC matrix. Each
element in the differences matrix is then
squared and the sum of all the elements in each
column of the result is calculated. The column
that yields the least sum will correspond to the
analytical mode having the "best fit" of GMCs
for the particular test mode. The resulting
information provides the analyst a starting
point in the correlation task,

Fig. 1 ~ Uniform Beam with Concentrated
mass
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The GMC matrix can be further used by
summing, for example, all the GMCs corre-
sponding to the torsional degrees of freedom
in each mode to determine i the mode is
largely a torsional mode. Or, if the structure
is composed of several subassemblies, the
GMCs tor the degrees of freedom contained in
each subassembly can be summed 1n each mode
to determine the relative participations.

APPLICATION TO SKYLAB MODAL SURVEY
RESULTS

Extensive modal survey tests of two
tull-scale Skylab configurations were performed
at the Manned Spacecraft Center in Houston,
Texas during the [irst half of 1972, The con-
figurations tested were the launch and orbit
configurations shown in Figures 2 and 3. It
can be seen that in the orbital configuration,
the payload shroud is not present, the Apollo
telescope mount has been rotated 90 degrees
to the deployed position, and an Apollo com-
mand and service module has been axially
docked to the multiple docking adapter. During
test, each configuration was supported by a
low-frequency air spring system, rendering
the end conditions to be essentially free-free.

The modal survey of the launch config-
uration was first 1n the test sequence and 24
unique test modes 1n the 0- to 50-Hz frequency
range were obtained. Two-hundred degrees
of freedom in each mode were measured using
a corresponding number of accelerometers.
During the posttest correlation study for the
launch configuration test modes the need for
GMC calculations developed. Due to the com-
plexity of the launch configuration test modes
and the large number of degrees of freedom in
each mode, it became difficult to discern the
essential dominant characteristics of each mode
shape by simply inspecting two-dimensional
mode shape plots, Because of shaker place-
meit during testing, it was expected that the
test modes would not be "local" in nature but
would be overall structural modes exhibiting
motions in all areas of the structure. However,
as the correlation study progressed, it became
increasingly clear that some of the test modes
were possibly local in nature. To resolve
this question, GMC calculations were performed
on the test modes. The results showed that
many of the modes did display significant local
characteristics, For example, four of the
test modes had total GMCs for the six {ixed
airlock shroud oxygen tanks ranging from 0, 59
to 0.71. Many other modes contained signifi~
cant contributions from these tanks, ranging
from 0.20 to 0, 36 of the generalized masses
of unity.
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Fig. 2 - Skylab launch configuration for modal
survey testing

COMMAND!SERVICE
MODULE (CSM)

Fig. 3 - Skylab orbital configuration for modal
survey testing
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As the test mode GMC results were being
studied, it was found inconvenient and time~
consuming to examine the GMC matrix in
the usual form of a computer printout, Asa
result, a small computer program that
arranged the GMC matrix into convenient
tables for each mode was written, One of
these tables showed a summazr of GMCs for
various major areas, or components, of the
structure by indicating the GMC sums for each
degree of freedom contained in each component,
A second table generated indicated the GMC
for each individual degree of freedom at each
collocation point with a description of the
collocation pomnt. Hence, if 1t was desired
to determine which component degrees of
freedom contributed to a particular component
sum given in the first table, the second table
provided this information, Examples of the
two types of tables are shown in Table 1(a)
and (bs. Table 1(a) shows GMC summaries
for seven major components of the Skylab
launch configuration. The first portion of
this table indicates the GMC sums by de-
grees of freedom for each component. For
example, the numbers in the column labeled
(DX) represent the sums of the GMCs for all
the X degrees of freedom, The second por-
tion of the summary table indicates the total
GMC for each component and is the sum for
all the degrees of freedom of each component,.
Table l(by gives the GMCs for degrees of
freedom corresponding to Table 1(a) summary.
The test mode represented in these tables was
selected as an example of a mode that could
easily be misinterpreted by examining only
the mode shape plots, Referring to the GMC
suminary Table 1(a) , it can be seen that
the six FAS oxygen tanks contribute a GMC of
almost 0. 71, largely in the Y and Z degrees
of freedom. However, this is not apparent
i the two-dimensional plots shown in Figure
4(a) and (b). Figure 4(a) is a plot of the
normalized Y deflections versus station for
the payload shroud,/FAS,IU/OWS portion of
the structure, while Figure (b) is a corre-
spunding plot of the normalized Z deflections.
These plots indicate apparent bending in the
Y and Z directions of the plotted components.
It can be seen that the FAS tank deflections
appear to be significant but that the relative
significance of the bending deflections is not
apparent. The guestion is immediately
answered by the GMC summary table indicating
that the bending ueflections represent a total
GMC of about 0.14. The mode is therefore
classified as local in nature due to the large
GMC of the FAS tanks. GMC tables were
also generated for the analytical mode shapes
and used along with the mode shape plots for
determining correlating modes.

As a result of the knowledge gained in
using GMCs to cotrelate the launch configura-
tion test modes, the correlation effort following
the subsequent orbital configuration test could
be performed in a rapid and systematic manner.
In addition to generating GMC tables for the

orbital configuration test and analytical mode¢ -
the least-squares GMC fit technique previov-.
described was employed with excellent re-
sults, The least-squares results were used
as a starting point in the correlation effort
followed by mode shape plot and GMC distri-
bution comparisons, Many of the least-
squares GMC fit results were further verified
by performing an orthogonality calculation of
the test modes with the analvtical modes
("cross-orthogonality') after normalizing
each set to the same mass matrix, This
calculation indicated significant coupling
between correlating modes, It should be
noted that neither of these techniques would
have yielded satisfactory results if the
analytical modes or the mass matrix were
grossly in error.

An example of the orbital configuration
correlation results is shown in Figure 5, The
plots shown in Figures 5(a) and (b) are the
test and analytical centerline bending deflec-
tions in the X-Z plane of the main portion of
the structure from the OWS skirt forward
through the CSM. Figure 5(a) is the test
mode plot while Figure 5(b) is a correspon-
ding plot for the correlating analytical mode,
These plots represent only a portion of the
entire mode shape but serve to tllustrate the
excellent shape correlation, which s verified
by the agreement in the corresponding GMC
summary tables shown in Table 2(a) and (b)
directly below the plots,

CONCLUSION

The GMC matrix is an invaluable tool in
correlating test and analytical vibration modes
and provides real insight in determuning the
dominant characteristics of the individual
modes, The use of GMC matrices in corre-
lating Skylab modal survey test mades pro-
vided a systematic approach und increased
confidence in the results, Further modal
survey tests could utilize on-line GMC calcu-
lations as the test modes are acquired. The
correlation effort could then be commenced
during actual testing.

ACKNOWLEDGEMENT

The authors wish to express their
appreciation to Messrs, R, F. Hruda,
H. D. Wilkering, and C. W, White of the
Martin Marietta Corporation for their
contributions and guidance in developing the
systematic utilization of zeneralized mass
contributions for correlatin, test and analy~
itcal vibration modes.

R S A S g A R e SR e L 2 M 0




Test Mode No. 10

TABLE 1

—

Generalized Mass Contributions

(a) Launch Configuration Modal Survey
Test Modes Generalized Mass Contribution Summary

Test Frequency = 9.208 Hz

GMC GMC GMC GMC GMC GMC
Component Name (DX) (DY) (DZ) (TX) (TY) (T2)
Shroud/FAS/IU/OWS/SS . 0002 ., 0609 . 0623 . 0056 . 0041 . 0064
6-FAS 02 Tanks , 0248 .2783 . 2942 . 0565 . 0268 . 0262
Deployment Assembly . 0015 . 0204 . 0069 . 0000 ., 0000 . 0000
MDA/STS/AM . 0008 . 0252 . 0309 , 0025 . 0074 . 0049
6-AM N2 Tanks . 0009 .0107 . 0302
ATM-Rack, CMGS, SAS . 0000 . 0034 . 0024 .0Lot . 0002 . 0000
ATM-Spar/Can/GRA . 0000 .0013 . 0032 . 0000 . 0005 . 0003
SUM . 0282 . 4002 .4301 . 0647 . 0390 . 03178
Total GM Contribution for each Component
Shroud/FAS/1U/OWS/SS . 1395
6-FAS G2 Tanks . 7068
Deployment Assembly . 0288
MDA/STS/AM L0717
6-AM N2 Tanks . 0418
ATM-Rack, CMGS, SAS . 0081
ATM-Spar/Can/GRA . 0053
(b) Generalized Mass Contributions by Degree-of-Freedom
Launch Configuration (DTA)
Test Mode No. 10 Test Run No, 200
Test Frequency = 9, 208 Hz
Node GMC | GMC aMC GMC GMC GMC
No. (DX) (DY) (D2) {TX) (TY) | (T2) Node Description |
1 L0001 | . 0520 | .0454 | .0003 | .0023 { .0010 OWS Skirt/Base Ring
2 .0000 ; . 0018 ,0033 | .0001{ ,0008 | ,0005 OwWS/IU I/F
3 . 0000 | . 0008 L0012 | ,0000{ ,0002 | .0002 IU/FAS I/F
4 .0001 | , 0081 L0101 | .0047 | .0007 | .0043 FAS/PLS/DA/AM 1I/F
5 ,0000 | .0000 | ,0019 | .0000 | .0000 | .0001 Payload Shroud
8 .0000  ,0000 | ,0001 | ,0000 ( ,0000 | .0Q000 Payload Shroud
ki ,0000 | ., 0005 { ,0002 | .0004 | .0001 | ,0001 PLS/ATM I/F
8 . 0000 | . 0001 .0000 { ,0001 | 0000 | .0000 Payload Shroud
8 .0000 | . 0000 | ,0001 | ,0000 ( .0000 | ,0001 Payload Shroud Nose
10 .0082 | ,0649 | ,0016 | ,0018 | ,0017 | .0010 FAS 02 Bottle
11 .0040 | ,1017 | ,0328 [ .0818 | .0031 | ,0148 FAS 02 Bottle
12 L0011 | . 0189 | 0000 | .0045 | .0047 | .0014 FAS 02 Bottle
13 L0011 | . 0026 | ,0387 | .0064 | .0038 | .0028 FAS 02 Bottle
14 L0079 { ,0635 | .1346 | .0123 | .0135 | ,0038 FAS 02 Bottle
15 ,0075 1 .0367 | ,0870 | .0001 { ,0000 | .0024 FAS 02 Bottle
18 . 0008 | . 0000 { ,0000 | ,0000 | .0000 { ,0000 DA EREP Package
17 .0000 | . 0112 , 0008 DA Trunnion
18 . 0009 | ,0023 | .0045 DA Trunnion
19 . 0069 | .0018 DA/ATM Support Frame
20 .0000 | ,0084 | .0083 { ,0001 | ,0002 | ,0Q001 AM Tunnel
21 .0000 | ,0046 | .0088 | ,0007 | .0005 | .0007 AM Tunnel
22 , 0000 | , 0038 ,0083 | ,0007 | .0010 | .0008 AM/STS I/F
23 .0008 | ,0010 { .0016 | ,0005 | ,0001 | .0000 STS/MDA 1I/F
24 1 ,0000 | ,0021 .0014 | ,0005 | .0038 | .0026 MDA
25 . 0000 | , 0073 . 0085 | .0000 | .0018 | .0007 MDA
26 1 .0000 | ,0053 | .0000 AM N2 Tank T3A
217 |- 0003 | , 0080 ; ,0001 AM N2 Tank T3F
28 | .0001 | ,0010 | ,0124 AM N2 Tank T2A
29 | .0003 | ,0011 . 0058 AM N2 Tank T2F
30 i . 0001 | , 0003 . 0070 AM N_ Tank T4F
31 .0001 [ ,0000 | ,0049 AM N2 Tank T4F
32 .0000 | . 0034 | .0024 | .0001 [ ,0002 | .0000 CG ATM Rack + 8AS
33 .0000 | ,0013 | .0032 {.0000 | .0005 | .0003 CG Spar/Canister
SUM .0282 | .4002 | .4301 | . 0647 | ,0390 ; ,0878
84
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TABLE 2
GMC Summaries

{2) Ortatal Configuration Modal Survey
Test *dode Generalized Mass Contribution Summary

Test Mode No. 3 Test Frequency - 1 31 Hz
. FoMc lame joMec oM ]GMC
mponeat Name ; (DX) | (DY) | (2) l ax ¢
“ ¥, 0000

6+FAS 02 Tanks

1
i
02 0000 | .0025 :
MDA STS/AM L0112 :,0000 ;.0130 '.0000 .
,6-AM N2 Tanks 0034 1, 0000 |.,0007 '
'Command 'Service Nod L0135}, 0001 4132 0004

Deployment Assembl .
ATM-Rack, CMGS, §-SAS . .
ATV Spur Center

,ATM-GRA Can Center

! ig

| H i i

OWS Surt 10 FAS 1 .0180 1,001 |.0t52

B te i
! ' |
i :
1
k

o033 0000

é
g
e
8
2

StM a1, o013
.
Command, Service Mod "4362
Deployment Assembly L .0129 ¢
ATM-Rack, CMGS, 4-SAS .3037 -
ATM-Spar Center , .0810
; ATM-GRA: Can Cenler | 0102
(b} Ortatal Conliguration Modal Survey
N Analytical Modes Generalized Mass Contribution Summary
| Analytical Mode ¥o. 7 . Analyucal Frequencv - L3 He
i GMC ¥ GMC T GMC | GMC GMC | GMC
Cg_r;lponcnt Name (DX} « (DY) {DZ) (TX) . (TY) : (TZ) |
S AL LA L S i
! : BROWS Skirt, IU ‘FAS L0152 © .0000 .031y .0000 0188 |, 0000 '
| ,6-FAS 02 Tanks 10192 1 10000 0020 | '
:MDMSTS/AM © L0091 } »0000 . .0184 0000 ! 0011 . 0000
16-AM N2 Tarks © 10024 ' 10000 § .0007 | ; :
*Command Service Mod ] .0132 0001 | «4367 . ,0019 0090 ; .0000
' 1 Deployment Assembl ' ,0023 ,0000 : 0118 ! |
ATM-Rack, CMGS, 4-SAS 1591 10019 ; (1125 ' L0000 . {0000
) ATM-Spar Center L0460 -0000 ' : L0016 .
ATM-GRA Can Center 000 : 0028 ' ,0000 .
stm fToas i . '
-G ———— - [ RS R
| Total G H
ows H
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Substantial modifications were made to the Apollo service module (SM)to adapt it

for use on Skylab missions. These modifications required that structural integrity
be demonstrated by a series of vibration and acoustic tests and that anaiytically de-

R i A

experiments.

INTRODUCTION

The Skylab commana and service modules are
subjected to severe vibration and acoustic environ-
ments during launch and boost. Although these
dynamic environments “lave been measured and test
requirements verified on Apolio flights, the changes
to the service module to adapt Apolly hardware for
Skylab missions mace prediction of vibration require-
ments and demonstation of structural adequacy
difficult without vehicle-level dynamic tests. The
vibration and Jcoustic tests briefly described herein
were used to demonstrate Skylab service module
structural ‘ntegrity for the vibration environment, and
to verify analytically developed random vibration
criteria for equipment testing.

SPACECRAFT DESCRIPTION

The Skylab spacecraft, as shown in Fig. 1, is
similar in exterior appearance to the Apollo spacecraft,

veloped random and sinusoidal test requirements be verified.

Extensive vibration and acoustic tests were conducted on the Apollo SM and the
techniques used for the Skylab SM were similar. The Skylab SM acoustic tests
were not conducted in the same reverberant test facility used for the other Skylah
payload modules, but were conducted using the NASA's Manned Spacecraft Center
Vibraticn and Acoustic Test Facility progressive wave mode of excitation. Sin-
usoidal vibration tests were accomplished using combinations of electrodynamic
shakers. Data acquired from the Skylab SM acoustic and vibration tests were use
to refine and deterriine test requirements for new Skylab SM components and

This paper discursses the vibration and acoustic tests conducted, the effectiveness
of these tests, and the data evaluation used to develop component and subassembly

vibration test requirements.
7 . g ________ _________________________________________J

consisting of two modules stacked end-to-end. The
command module contains the flight crew with asso~
ciated life support, spacecraft control, stowage,
docking, and landing systems. The service module
contains the propulsion, electrical power and environ-
mental control systems as well as some scientific
experiments, For the Skylab mission, the command
and service modules were modified to support extended
earth orbital missions. Changes to the command
module were primarily associated with components,
while primary and secondary structures remained the
same. None of these component changes required
retesting of the command module at the structural
assembly level. Onthe other hand, modifications
were quite significant for the service module. The
Apollo "J" mission scientific experintents and cryo-
genic storage tanks, located in Bay 1 of the service
module, were replaced with additional propeliant
storage for the reaction control system (RCS), as
well as a scientific equipment shelf and a battery
shelf as shown in Fig. 2. The service propulsion
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FIGURE 1.- SKYLAB SPACECRAFT AND LAUNCH VEHICLE.

system (SPS) propellant required for an earth orbital
mission is significantly less than that needed for lunar
orbital operation, and allows two of the four SPS pro-
pellant tanks and one of the two helium pressurization
tanks for the SPS to be removed from the Skylab service
module. One of the three fuel cells located in Bay IV
and the "J" mission batteries on the Bay IV aft bulk-
head were also removed These changes completely
reconfigured service module Bay | and required signi-
ficant changes to plumbing lines and electrical cables
throughout the service module. The service module
configuration changes were sufficient to warrant vibra-
tion and acoustic testing of a fully assembled Skylab
service module.

DYNAMIC ENVIRONMENTS

It should be noted that the Skylab spacecraft will
be Taunched on the Saturn IB booster, whereas the
Apollo spacecraft were launched on the Saturn V launch
vehicle. However, the vibration and acoustic environ-
ments induced by both launch vehicles are generally
similar and Apollo design and test requirements account
for both Saturn taunch vehicles. The vibration induced
in the command and service modules during atmospheric
flight is intense and the content is both random and sinu-
soidal, Detailed descriptions of the command and service
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module vibration environments are presented in Refs,
1, 2, 3, and 4. Mnitial vibration test requirements
for Skylab hardware were based on extrapolations of
Apollo requirements which utilized scaling factors de-
rived from the differences in mass and stiffness for
the Apollo and Skylab primary structure.

SKYLAB VIBRATION AND ACOUSTIC TESTS

Because of the extensive modifications to the Apollo
service module to adapt it for the Skylab mission, an
Apollo service module, modified to the Skylab confi-
guration, was subjected to a series of vibration and
acoustic tests in the Manned Spacacraft Center (MSC)
Vibration and Acoustic Test Facility. These tests
were conducted to verify the design of Skylab structural
elements and to refine predicted vibration criteria for new
Skylab functional components. In addition, these tests
provided margin to verify that Apoilo components will
function for th.e new Skylab application. The service
module used for this test, designated SM 3D-2, was
originally Apolio SM 105, described in Ref, 3, Bay |
of the service module was modified to include;

a. A propellant storage module (PSM ) and mount-
ing provisons, (The tanks were filled with
referee fluids to simulate the launch loading.)

Il T W o 1 o 0 i e o

.
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FIGURE 2.- SERVICE MODULE BAY] -

A scientific experiment shelf with mass simulated
experiments ,

A battery sheif with the necessary battery cases
containing ballast for mass simulation.

A new outer shell structural panel, reworked to
include the battery and experiment access pro-
vision. Plumbing for the RCS propetlant storage
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and portions of wire harnesces were also included
on this panel.

Mass simulations of the RCS tanks and engines,
~ounted on the auter shell, were used at ali four engine
locations. At one of these locations, the new Skyiab
~omponents and associated plumbing were included to
provide an interface with the new Jropellant storage o=
visions, The additional pluahi 19 and valves required
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to distribute this propellant to the four engine locations
was alse installed.

Only one of the SPS helium tanks was installed,
and the SPS engine used for this test did not have a
wozzie extension, The SPS tanks in Bays )l and V
were filled with referee fluids to simulate the Skylab
launch loading conditions.

INSTRUMENTATION

The instrumentation employed during testing con-

. "ol piezcelestric accelerometers and microphones.
All output signals for the acoustic and vibration measur-
ing systems were recorded on magnetic tape. The data
on each recorded channel consisted of calibration sig-
nals, instrumentaticn ambient noise floor signals, and
the *~<t data, More detailed descriptions of the charac~

teris -5 of the data acquisition systems are presented
iv 3,

A :al of 180 accelerometers were used to measure
vibra..on responses of primary and secondary structure
and responses at the interfaces of new Skylab equipment
support structures. A total of 32 microphones was used
to measure and contro! the acoustic tests.

VIBRATION TESTS

Figure 3 shows the overall vibration test conl jura-
tion. The test fixture was a ring constructed to be
rigid in the frequency range of interest, 5 to 35 hertz.

An air spring type suspension system was attached to
the bottom of this ring. The service module was se-
cured to the top of the ring, and the vibration thrusters
were attached as shown in Figure 3, The suspension
system consisted of four air springs iocated at 90-
degree intervals around the ring. The thruster system
for longitucdinal excitation consisted of four Ling model
310 thrusters attached to the ring. For lateral excita-
tion, two thrustars were attached to the aft end of the
service module on primary Structure.

Selection of the sinusoidal vibration spectnum for
control was difficult because of uncertainties in the
response of the test structure. From evaluation of
Apollo flight data, it was determined that bending or
longitudinal modes of the launch vehicle would pro-
duce sinusoid. litudes of .. spacecraft no greater
than 0.2g pean  The flight data also indicated that
sinusoids could occur up to 35 hertz and analysis in~
dicated that no component resonances cxisted below
5 hertz. Therefore, the control procedure that svolved
was to subject the service module to a 0.25q peak
swept sinusoidal vibration environment over the fre-
quency rasige of 5 to 35 hertz at a rate of 0.5 octave
per minute in the three major axes; longitudinal (X-
axis ), radial (R-axis: parallel to the horizontal Bay
1 centerline ), and tangential (T-axis: orthogonal to
the X and R axes and tangentia} to the horizontal Bay
) centerline ), The acceleration amplitude was con~-
trolied at either the service module aft buikhead or for-
ward bulkhead (whichever was greater). Table 1
summarizes the vibration tests perfcrmed in each of
the three axes.
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: FIGURE 3. - SM 30-2 VIBRATION TEST CONFIGURATION
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. Test, run Sweep rate,
Run number Axis frequency time, sec octaves/min Comments
band, Hz

5. 1 X 5-35 292.229 0.568 Successful test.

oo

3 2 R 5-35 292,230 0.568 Successful test.

H

H 3 T 5-29 253.623 6.568 Abcrted at . frequency
% of 27.00 hertz.

Y 4 T 10-35 285,846 0.28ls5 Avorted at a frequency
1 of 25.90 hertz,

4

5 T 10-35 230,012 0.28u5 Aborted at s frequency
I of 25.72 hertz. Test
i article dunuged.
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Sinput level for tests was 0.25g peak.

Testing in the X and R axes was successtully com=

pleted with no anomalies. Three attempts were made
to conduct the T-axis test, but anomalous conditions
resulted in premature termination of each attempt. Dur-
ing the first two T-axis sweep tests, a rescnant con-
dition in the test setup caused test termination due to
insufficiert thruster control system capability. In the
first attempt, the resonant burldup rate was greater than
the response speed of the control system, Accordingly,
the sweep rate was reduced, In the second attempt,
the desired vibration level could not be maintained be-
cause of the inability of the amplifier to provide suffi-
cient power to achieve the required thruster force levels.
For the third attempt, one control accelerometer was re-
focated and an amplifier was connected in Series with
the originat amplifier to provide a greater dynamic range,
The last T-axis attempt was manually terminated at

5.72 hertz because the *o=* article sustained damage
at botl: thruster attach points

ACOUST: TESTS

The Skylab service module acoustic tests were
conducted in the MSC progressive wave acoustic test
facility, Ref. 5, which allows variation in spectrum

greater detail in Refs. 1, 2, and 3. The acoustic tests
were controlled to the levels shown in Fig, 5 by monitor-
ing microphones located in each duct, midway along

the service module,

The service module outer shell damage sustained
during the vibration testing was repaired to the extent
necessary to proceed with the acoustic tests. Damaged
parts were not replaced with new parts and the repair
did not restore the structure to its full static strangth.
The service module was then subjected to a proaressive
wave acoustic environment, which produced random vi~
bration ievels in the service module outer shell equal
to those experienced during the transonic and maximum
dynamic pressure portions of flight, Table 2 summarizes
the acoustic tests performed,

TEST RESULTS AND DATA EVALUATION

The service module outer shell structural failure was
a result of improper application of the sinusoidal forcing
function. The thruster force required to maintain the de-
sired vibration level and the configuration of the thruster
attachment (single point ) to the test article resulted in
local overloading of the structure. Evaluation of the
gata obtained during the attempts to conduct the T-axis
test resulted in the conclusion that the test setup ex-
hibited a unique resonance at approximately 26 hertz
with an antinode condition at the thruster attachment .
plane. The single point attachment of the thrusters is

§ and levels in each of 16 separate ducts located around unrealistic when compared to the actual load path across
the service module. Figure 4 shows the test setup. a spacecraft module~to~module interface. Vibration

' The sound pressure levels used successfully to test loads are transmitted over the entire interface, rather
o the Apollo service modute were also uses for SM 3D-2. than at two discrete points, Therefore, the local loading
i, Comparisen of flight~measured vihration environments conditions producing the outer shel! failure were not

> with those generated during Apolio ground tests proved considered representative of flight conditions, and the
s the validity of simulating flight noise levels with acoustic  failure does not represent a structural design deficiency,
‘;“ tests. The de *vation of the test spectrum is treated in Further attempts to complete the T-axis testing were

terminated because of program schedule considerations.
The risk involved with not having tested in the range of
25 to 35 hertz for the T-axis was considered to be

very small since Apollo flight data indicated only minor
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TABLE 2.- ACOUSTIC TEST SUMMARY

Averuge overall -
Run number sound pressure Egié r:zc Comments
level, dB o

1 1k6 60 Successful test,

» 2 152 15 Successful test; re-
sponse measurement
ranging confirmed.

3 152 . 15 The second short high-
level run was made to op~
timize spectrum levels.

) 152 112 Successful long dura-
tior runj; all required

156 10 excitation time accumu-
lated.
ACCUMULATED EXCITATION TIMES:
1hk6 60
152 12
' 156 10
Total 212

%
g sinusoidal forcing functions in this frequency range,
g,, Moreover, the absence of equipment resonances ovet
® 25 hertz during the R~axis test and the similarity of
: the equipment in the . and R directions tended to in~
‘:':j’ dicate that T-axis resonances were unlikely.
Z Table 3 summarizes the sinusoidal vibration test
= ctiteria derived from the SM 3D-2 tests for the Bay |
& batteries, the scientific experiment shelf, and the
£ PSM. These vibration criteria were established by
gj adjusting the X, R, and T axis response vibration
I data for SM 3D-2 by the correction factors defined in
; (}: Fig. 6. The correction factors represent a 2-sigma
ﬁs‘l peak amplitude envelope of a composite of several

&
‘!'

measurements recorded on two Apollo Flights. These
factors were used to account for differences between
SM 3D-2 vibration inputs aau the in-flight service
module sinusoidal forcing function.

=5
3

.
J % ;ﬁgﬁ
Smaral Ardot

S

The data recorded during the acoustic tests from afl
accelerometers were reduced to acceleration spectral
density plots which were then grouped into composites
to represent the maximum environments for each Skylab
item of equipment oan SM 3D-2. Figure 7 presents a

93

typical composite of several measurements and the
resulting envelope which was then used as the com-
ponent random vibration test criteria.

The SM 3D-2 tests atlowed derivation or refine~
ment of vibration test requirements for approximately
ten Skylab equipment items and assemblies.

CONCLUSION

The Skylab SM 30~2 vibration and acoustic tests
were successfully completed and the required vibration
response data obtained. Structural integrity of the
Skylab service module was demonstrated for the vibra-
tion environment and evaluations of measured data pro-
vided the necessary refinement to predicted Skylab
equipment test requirements .
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TABLE 3.- SKYLAB SINUSOIDAL TEST CRITERIA DERIVED
FROM SM 3D-2 ACCELERATION DATA

Amplitude

Location g peak | in. D.A. Frequency, Hz

RSOy

Inputs to batteries on
bay I battery shelf .

X-axis 0.13 5 =15
0.15 15 - 20

0.8 20 - 35 .
R-axis 0.25 5-15
0.4 15 - 20
0.25 20 - 35

T-axis 0.1x5 . =16

-y Ay

Inputs to equipment on
scientific experiment

shelf
X-~axis 0.25 5 - 1k
0.025 i - 27,5
1.0 27.5 - 32.5 .
0.25 32.5 - 35 ;
R and T axes 0.25 5«35
Inputs to PSM at '
structural attach points .
¥, R, and 0.25 5-35 i
T exes E_\:‘
2
£
: 2 §
g N i
3
) & /N H
< :
2.5
, 2
RS .
58
$2.5
52 :
E b3
eg 4
5.
& F 4
Se
Sg
[« 4
a
S .3
=0 5 10 15 20 r] 30 35 {
FREQUENCY - HZ
FIGURE 6.- CORRECTION FACTOR FOR SM 3D-2 SINUSOIDAL DATA
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VIBRATION TESTING AND ANALYSIS !
THE EFFECTIVENESS OF ENVIRONMENT ACCEPTANCE TESTING
ON THE APOLLO SPACECRAFT PROGRAM
Richard W. Peverley +
The Boeing Company
Houston, Texas
The Apollo envirormental acce,izace test program was unique in the the vibration and thermal test levels
were generally uniform for all components regardless of the flight environment. Some components, in fact,
were requalified because the acceptance levelc exceeded the qualification levels. During a three year
period, 14,994 indiviuual components were subjected to thermal and vibration acceptance testing with a
failure rate of 9.4%. Thermai testing appeared to be more effective with a failure rate of 17.5% as com- N
pared to 6.7% for vibration. Of the total 1,406 failures, 23.5% were caused by design inadequacies while H
57% were caused by workmanship defects The remaining failures were caused by test errors. A survey was b1
made of failures on components that had not been subjected to environmental acceptance testing. Less than
4% of those units not tubjected to this type of test had a failure during ground checkout of a flight ;
spacecraft that might have been detected during an environmental acceptance test. No flight failures were
considered to have been an escape from the environmental acceptance test screen. A detailed description f
of the test program and the data analysis is presented in this paper. ;
i
INTRODUCTION ?
Environmental acceptance* tests are conducted  joint reviews between NASA/MSC* and each of the i
to screen latent or incipient defects which might major Apollo contractors (the criterfa for this i
otherwise be undetectable in a quiescent environ- selection process are describad in the following 1
i ment. The environments utilized for this purpose section of this paper). A total of 174 electronic, }
; on the Apollo Spacecraft Program were high and electrical, and electromechanical components were i
| low temperature and vibration. The unique aspert selected for acceptance vicration and 119 for H
' of the Apollo tests was the selection of common thermal acceptance testing. All p-oduction urnits §
environmental test levels which were the sare for of these component types were then tested with {
all components and were generally independent of the exception of those components that had been 3
’ the flight environment. previously inst2Vled on spacecraft. Additional ;
, cansideration was given to these components and
The environmental acceptance tes: levels were  some units were removed from the spacecra’ts for 3
' selected to be sufficiently severe to detect work- environmental acceptance tests. From mid-1967 3
) manship faults but passive enougn to preclude the thrcugh mid-1970, a total of 14,994 components 4
! overstressing and weakening of a component.! It had been subjected to ccceptance vibration tests E:
i had become an accepted practice in the aerospace and/or to acceptance thermal tests. In addition 3
] industry to conduct acceptance vibration tests at efght manned Apollo flights with three lunar
} a nominal mission level. This practice assured landings had been compl2ted. Thus, a sufficient 2
! that the design stresses were noti exceeded since quantity of failure dzte is availabie to proper-
quatification levels were generally set at the 1y assess the Apollo env-onmental a-ceptance
! design leve, prus some margin., Testinn .. the test program. Prior to discussing tne failure
] mission environment, however, did not always rate, however, a brief summary of the test re-
assur2 that parts were adequately s*ressed so that  quivements will be presented to insure that the
{ ~orkmanship faults would be detected. This prob- significance of those failures is understood.
Ter wes part-cularly acute on the Apoilo spacecra‘t ;
: vhere some qualification vibration levels were as The background of this paper was described !
fow as 0.005 g2/Hz. The philosuphy adopted nn the in papers by Mr. (.. Low' and Mr. S. Simpkinson?, .
J npollo program was that the environmental accep- The purpose of this paper is to present any
tance tests were to be conducted to verify the aralysis of the additional data that have become wiir
B qual ty of manufacturing; and, since quality nust avariable zince the{r papers were written and F
{ be uniform, the environmental acceptance tests to present some data in more detail. Y
&= levels must be the same for all components.
'2 3 . R
é%; The Apollo environmental acceptance test * Tre Apollo environmental acceptance test pro-
- program wis initiated in mid-1967. At the time, gram was the result of the joint effort ~f several
gﬁ severa' spacecraft were in variods stages of organizztions v thin NASA/MSC; primariiy. the
o asserbly, anl 2 nunber of comoenerts had completed  ppollo Spacecraft Program Office, the In: neering
i their quatification tests. A decision had been and Devalopment directorate, the Reliabii:ty and
2 made to test only selected components. The sel- Qualtty A surance Office, and ihe Safety ’ffice,
z ection nrocess wis conducted through a series cof sfguaerly wite the Graeras flectr ¢ Combdny. *custon, iexa,
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TERMINOLGE ¢

CERTIFICATION

The combined testing and analysis required
to determine that the design of the
hardware meets the requirements.

QUALIFICATION

A test structured to demcnstrate that design
performance can be realized under design
limit mission environments. Tests are
conducted on a representative sample of
production hardware and are part of the
certification program.

ENVIRONMENTAL ACCEPTANCE

Test structured to demonstrate the manufac-
ture is adequate to meet the requirements.
This 1s a screeniny test conducted under
specified environments on every production
component.

QUALIFICATION/CERTIFICATION ENVIRONMENTS

Environmental test levels that simulate the
maximum envi,onmertal conditions encountered
in the specified design limit mission.

ACCEPTANCE ENVIRONMENTS

Environmenta) test levels arbitrarily
assigned for the z.vironmental acceptance
test. These levels wers dorived on the
basis of inducing stressss that would
jdentify latent defects and were not derived
on the basis of flight environments. Certi-
fication was required to be some factor
above the acceptance environment, as a
minimum.

FAILURE

The inabiiity of an item to perform its
prescribed function within established
itmits and within operatig environments.

TEST REQUIREMENTS

Environmental acceptance tests were con-
ducted to screen manufacturing and workmanship
flaws in flight and test hardware that are not
readily detectable by normal inspection tech-
niques. The requirements established for these
te-'o weis primarily vor elechricai, eic tiac
and  oloctromecharice) componer.s  Addit.ena?

o

fatlure data were also %0 be provided to assist

in the detection and elimination of the causes

of the failures produced. The test environment
was to be defined by hardware sensfvity and

could include vibra*ion, thermal cycling, or hoth.
These -ests were novma’ - ~owducteq by “he
vendor as a part of the custower acceptance test,

Environmental acceptance tesi> were con-

dycted at the same component ‘evel uf L..eww g
as the certification* tests. A1l componentc
were not necessarily subjected to snvironmenta!l
acceptarce testing. Components were selected by
the application of the following criteria:

1. Components that cannot be effectively
inspected during manufacture, or com-
ponents whose assembly processes and
techniques are not readily quality
controlied,

2. Components that have marginal or ques-
tionable environmental sensitivity.
The fo’'owing defects were expected to
be uncuvered:

Vibration
L= ]

Loost electrical coanections

Loose parts

Relay contact chatter

Switch contact chatter

Contamination

Cold solder joints

Incomplete weld joints

Close tolerances

Incompliete crimp connections
Jhermal,

Voids in potting

Short run wires

Welded solder connections
Bimetci1ic effect of leak springs
Insulation penetrations

Close tolerance mechanisms

3. [Items for which additional confidence
is desired through the elimination of
infant mortality failures.

Once a component was designated for environ-
mental acceptance testing, ail manufactured items
of that part number were tesied.

The acceptance vibration test levels are
shown in Figure 1. These vibration levels were
based on Gemini experience where the failure
rate following wxposure to such test levels was
reduced. As Shown in Figure 1, the qualifica-
tion Yevel must ex-eed the acceptance level, as
a minimum, by a fac.or of 1.66. +#hen this
program was initiated, most of the Apollo hxvd-
ware had completed qualification testing. Those
components that had not been qualified %o 1.66
times the acceptance level were requalified.

Some excepticns were made when the qual: Fication
vibration levels were near 1.66 times th, accept-
ance level, but each case required an fnu - idual
deviation from NASA. Al] new programs rey ¢
the minimum qualification level to be at ?

times the acceptance level. The acceptance
vibration test duration was a minimum of 30 sec-
onds, but one minute was considered optimum.

The +thorpal *act Yavels are showr 7 Tfqure 2,
Thecs {ave'y wers meve nearly velaial ta o ife
cation 1-vels than were the vitration acceptaance
leveis. On tne testing of Apcilo hardwere, some
deviations were granted while some ilems were
requalified. For hardware that was qualified
after the environmental acceptance program was
initiated, it was reguired that qualification
weSts taCiece, a. o Phoium, JSe 100°F acceptarce
raprqe. nlus the 40°F =nread between acceptance
and aualification

Funct .
tog. oudoue A
artar tne test,

Aoy Lentinuity checks were
.o ves before, during, and
It a functional verificat.on

* The term "certificarien' is used in place sf
the term "qualificatizn® in Apolio terminology.
Specifically, the tem certification defines
those environmental tests which combined with
other tests and ar»ly =s, constitute the certi-
fication of a component for flignt.
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Figure 1. Environmental acceptance vibration test ; equirements.
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Figure 2. Environmental acceptance thermal test requir~ments.
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could n3: te performed during the test because
of ¢t'me limitations, then only those functions
that were critical to crev safety and mission

success were continuously monitored,

A*1 contractors were required to report all
acceptanee test failures through the NASA/MSC
{Manned Spacecraft Center) failure reporting
system. They w~ere, in addition, required to
-~marize these failures in periodic reports.
These reports constitute the basis for the
assessment described below.

FAILURE SUMMARY

Table 1 shows a cabulacinn of the number
of component types, number ¢: individva) compo-
nent tests, number of failures, and the failure
rate for the Apollo Command and Service Module
(CSM) and the Lunar Module (LM). The tabulaiion
is for both thermal and vibration testing. The
data analyzed were acquired over a three year
period of time, beginning in mid-"267 and ending
in mid-1970. Although additional datz have
been taken since mid-1970, the bulk of the

TABLE |
SUMMARY OF ACCEPTANCE VIBRATION AND
THERMAL TESTING FOR CSM AND LM

testing was completed prior to that time.

Hence, the newer data would have a negligible
effect on the analysis. A component type in
Table [ is defined as those with the same basic
part number. There were approximately the same
number of LM and CSM component types tested. Of
the 293 component types tested, 76 were sub-
Jected to both vibration and thermal testing.

The total number of units tested only approxi-
mates the total number of tests that were con-
ducted, since some components were tested more
than one time. The number of failures represents
the number of failure reports that were written,
some of which were subsequently found to be
caused by testing errors (this subject will be
discussed in more detail later in the paper).

The failure rate is simply the number of failures
divided by the number of units tested.

The failure rate for thermal testing was
substantially higher than for vibration testing.
There was no conclusive explanation for this
phenomenon, but its existence was not only sub-
stantiated by the higher overall failure rate
but was also obvious during the detailed analysis
of individual failures.

A further breakdown for the failure rate by
individual subsystem is shown in Table I1I, below,

COMPONENTS where failure rate is based on the iumber of
it :
VIBRATION ggguir::.?ted versus the number of failures that
f e s 174 . As might be expected, the fajlure rate is
?‘ggﬁe;u?nbz:m‘):niﬁttﬂie 4 11,467 higher for those subsystems with a higher per-
Number of hardware failures 4 centage sf electronic equipment. The failure
nNumber of nardware jailur 741 rate for the disolay panels is not significant.
Failure rate in percent 6.7 These tests were conducted on removable panels
THERMAL which contained various numbers of individual
cgmpOrents. Thus], tge fajlyre rate per nmbtiar
of components would be much less than shown in
Number of component types %%?; Table II. The failure rate obtained on one
Total number of units Fested 3, subsystem, the abort guidance subsystem, was
Number of hardware failures 665 over 100%. A Zlotal of 100 failuyres occurred
Failure rate in percent 17.4 during the thermal testing of 88 units of 5
TABLE I

SUMMARY OF ACCEPTANCE VIBRATION AND THERMAL TESTING FOR THE LM AND CSM
BY INDIVIDUAL SUBSYSTEM
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different component tyoes in this subsystem.
There were 29 failures on one component type

and 47 failures on another type. There viere a
number of circumstances which caused the fail-
ure rate 1n this subsystem to be so high. As an
example, Sseveral components incurred multiple
failures. One 1ndividual component, in fact,
ncurred six different failures before it passed.
Also, all urits from one component type were
reworked, and an additional environmental test
was required for all units, This subsystem is
by no means typical, but shows the value of an
environmental acceptance test in screening out
failures in a subsystem that was particularly
failure prone.

The failure rate versus time is shown in
Figi-2 3. The significance of this figure is to
show tnat having overcome the high failure rate
at che heginning of the program, the failure
rate remained constant.

Each failure was analyzed to determine if
its oriyin was a workmanship, design, or testing
deficiency. A breakdewn of this failure classi-
fication by percentage is shown in Figure 4.

Tne foilnwing are definitions of the fail-
ure classifs(>trons:

I. Test “iror - Failure occurring during
tne acceptance test caused
by the test operator, test
equipment, and/or improper
procedures.

2. Workma:: ip - Failure caused by the
improper application of
approved manufacturing
processes and techniques.
Also includes failures
caused by the inherent
piece part fajlure rate.

3. Design - Failure caused by design

deficiency requiring a
drawing and/or process
<pecification change.

In many cases, @ single design fix was used
as corrective action for saveral failures. Dis~
counting the test wrrors, Table I can be re-
vised to show definite hardware failures as
shown in Table III be.ow:

TABLE 141

SUMMARY Of ACCEPYANCE YIBRATION
AND THERMAL TESTING t IR CSM AND LM
COMPONENTS DISCOUNTIMG *EST ERROR

VIBRATION FAILURES
Number of component types 174
Total number of units fested 11,467
Number of hardware failures 559
Failure rate in percent 4.7
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THERMAL
Number of component types 119
Total number of units tested 3,
Number of hardware failures 70
Failure rate in percent 12.4

As might be expected, the number of work-
manship failures was the highest. The number of
design faults that escaped the certification
program and were detected during the acceptance
program is significant.

£ breakdown of environmental acceptance

test failures by failure mode that has been pre-
viously presented! is shown in Figure 5 below:

ELECTRICAL

CONTAMINATION

MECHANICAL pemn—
e
OTHER po

101 300 s01 701 9 1
20 40 60 80 100
L3 MNP ! ST IR 44
Figure 5, CSM and LM environmenta) acceptance test fafiures
Vy faiture mode.

These results are to be expected, since the
large majority of the munitored functions are
electrical.

At this point in the 2ssessment, we have
shown that 9.4% of the 14,994 units subjected
to environmental acceptance testing incurred
some type of failure (test errors not included).
Thus, the effectiveness of the program has been
demonstrated. One might now question how many
escapes from this screen occurred. The follow-
ing analysis was made to provide an answer to
this question.

POST TEST FAILURES

An analysis was mada of post-acceptance
test failures to determine how many defects were
found that could have been (or should have been)
detected during an environmental acceptance
test. This analysis was conducted by reviewing
the post-acceptance test closeout of CSM failures
to determine if the failure could have been (or
should have been) detected by the environmental
acceptance test screen. Such an analysis called
for a large amount of judgement by the reviewer.

As previously mentioned, 144 CSM comporent
types were considered to be candidates but were
eliminated. Of tnose component types that were
not subjected to envircnmental acceptance test-
ing, there were 1301 post-acceptance test
failures that occurred during later ground test
operations; mostly during integrated vehicle
testing. Only 44 or 4% of these could have
possibly been detected during an environmental
acceptance test. Twenty of these failures
occurred on one component type. Thus, only 2.2%
of the remaining 1190 failures could possibly
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have been screened by this method. None of
these failures occurred on 90 of the 116 compo-
nent types, and 11 incurred only one failure of
the type that might have been screenmable.

CONCLUSIONS

The current Manned Spacecraft Center
programs have included environmental acceptance
testing at the Jowest practical component level
of assembly. The conduct of a rigorous program
of this type on compcnents, plus repeated inte-
grated checkout tests on the spacecraft, have
been used to provide the necessary screens for
defective hardware,

The results have been encouraging. Since
he adoption of the environmental acceptance
testing techniques, there have been no flight
failures on equipment that have been subjected
to this type of test. The environmental accept-
ance tests have uncovered defects which could
have produced flight problems. As a bonus,
some design defects were also uncovered which
had not been detected during qualification test-
ing. 1In terms of cost and effectiveness, these
tests have more than justified their existence.
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ON THE DEVELOPMENT OF PASSENGER VIBRATION RIDE ACCEPTANCE CRITERIA

Sherman A. Clevenson and Jack D. Leatherwood

NASA Lengley Research Center
Hampton, Virginia

This paper contains a description of the Passenger Ride Quality Apparatus (PRQA)
and discusses the full range of its capabilities. In addition, a brief discussion is
included of a pilot test program to obtain subjective reactions of bus passengers in
a rapid transit system and correlaticns of the reactions with the ride motions.

INTRODUCTION

Environmental factors such as vibration,
noise, and temperature are important considerations
in the design of transportation systems since such
factors may adversely affect passenger acceptabil-
ity of the system. Future transportation systems
such as STOL aircraft and high-speed ground vehi-
cles are expected to experience larger vibration
amplitudes than those encountered in currently
operating systems. The question arises as to
whether the passenger will accept these levels and,
if not, how much reduction in vibration level will
be needed to achieve acceptability. To answer
these questions the relations between vibration and
passenger comfort must be understood. To provide
such relations, or comfort criteria, a vibration
ride comfort program is now underway at the Langley
Research Center of the NASA. 1In this paper, two
studies that are part of this program are described.
First, the development of a laboratory simulator
for systematically studying the effect of vibration
on people will be discussed, and then the develop~
ment of a method for determining passenger sub-
Jective response, or comfort rating, of the vibra-
tory environment will be described.

Unlike environmentzl factors such as *..ise and
temperature, vibration effects on comfort percep-
tion are difficult to characterize due to the
inherent complexity of the vibration (random and
nultidirectional) and also the unique effect of
vibration on various portions of the human body.

In comparison with studies conducted in the field
under real world conditions, laboratory simulation
and study offers several important advantages.
These advantages include: generally lower cost,

the ability to sort cut and study vibration parame-
ters separately, broad spectra-shaping capability,
control of subjezt population, sepsration of axis
effects, and elimination of other environmental
parameters such as noise and temperature.

Practically no studies have been reported with
the traveling public in simulators that resemble
and reproduce a multidegree-of-freedom transporta-
tion enviromment. Although muny moving base
simulators exist, they are usvally of the single-
degree-of-freedom type. In general, the larger
moving base simulators are configured as a crew
compartment. In most instances, test personnel
are experienced pilots or crew who are not

representative of the traveling public. The large
motion simulators are excellent for the study of
kinetosis (motion sickness). The Passenger Ride
Quality Apparatus {(PRQA) described herein has been
developed to study subjective response to vibra-
tion in the frequency range above the kinetosis

(0 to 0.4 Hz) range and belcw the acoustic (30 Haz)
range, and in an environment closely resembling
the passenger enviromment in aircraft or surface
vehicles.

The development of an acceptable ride comfort
criteria requires the assessment of the passenger
comfort associated with specific vibration environ-
ments. Since comfort is highly subjective, its
measurement has many of the problems inherent in
psychological research such as choice of subject
population, elimination of psychological bias, and
so forth. Thus, a psychologically valid comfort
rating scale is required. Many different comfort
rating scales have been used as evidenced from the
pepers presented at a recent ride quality symposium
held at Langley Research Center {1]. These scales
are generally interger-valued ranging from L-point
to 10-point scales with varying descriptive
adjectives. It is therefore difficult to evaluate
and compare the results available in the litera-
ture [2]. The research presently underway is
directed toward the development of & "standard"
subjective response rating scale and demonstration
of its validity for measuring human response.

The role of the simulator and the subjective
response rating scale in the development of a ride
vibration criterion can be explained using Figurel.
Specified inputs are appliad to the PRQA resulting
in & desired ride environment which the subjects
are asked to rate for vibration comfort. The
inputs and resulting ride environment can be ideal
(such es sinusoidal, white noise, or shaped-
spectra) or actual tape recordings from field
vehicles can be used. It should be noted that
extensive field measurements have been made on
various vehicles using a portabtle measuring/
recording system developed by Langley as reported
in Reference [3]. Data representing the ride
environments of more than 30 vehicles are nresently
stored in a data library and discussion of some of
the vehicles and data can be found in References
[4] and [5]. A correspondingly large library of
subjective data measurements, however, does not
exist at this time. The experimental program
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described in this paper is intended to produce u
comprehensive set of such subjective measurements.

The physical data, as shown in Figure 1, are
analyzed for vibration characteristics such as
power spectra, rms levels, exceedances, and so
forth. The comfort ratings are obtained by asking
the subjects to rate selected portions of the rige
using comfort rating scales developed in the pro-
gram described later in this paper. The results
are then analyzed statistically to produce an
indicator of comfort level. Finally, the comfort
levels and associated vibration characteristics
are correlated and regression models for ride
comfort formulated. It is expected that results
from these studies with the PRQA will provide
(1) a "first cut” ride vibration acceptance cri-
terion for use in design of future vehicles, and
{2) a guide to procedures and data to be used in
field tests to verify the ride criteria in a more
realistic environment.

DESCRIPTION OF THE PASSENGER RIDE QUALITY
APPARATUS

Overall System

The Passenger Ride Quality Apparatus (PRQA)
is shown in Figures 2 to 6. To illustrate the
assembly of the PRQA, a model is shown beside the
passenger research compartment in Figure 2. The
passenger cabln, referred to as’ & research model,
is bolted to the table of the motion-base system
in one of two positions 90° apart. The hydraulic
actuators and restraints are indicated. The
supports, one telow each corner of the motion-base
table, are used to support the table and cabin
when not in use. The reaction mass is made of
steel-reinforced concrete and weighs approximately
100,000 pounds. This PRQA is the only simulator
capable of multidegree-of-freedom motion using &
close simulation of a transportation system at
vibration freguencies up to 30 Hz, Great emphasis
1s placed on human safety aspects.

Research Compartment

The initial research compartment was made to
simulate the upper quarter of a passenger cabin
of a modern Jjet aircraft. An exterior view of
the cabin ic shown in Figure 3. The base of the
cabin i3 7 feet by 7 feet. Interior head room is
Just over 7 feet, The interior as shown in
Figure 2 is closely configured like the real air-
craft as to seating, overhead rack, and so forth.
However, the interior wall has & mirrored finish
to supply an impression of width and the forward
and rear bulkheads have two-way mirrored panels.
That 1s, they appear as mirrors on the inside, dut
can be seen through from the outside.

Motion Base System

The motion base system is more clearly
defined in the closeup photograph of the model in
Figure 4 and with drawings (Figs, 5 and €} showing
locations of the actuators and restraints.

Actuators. Three hydraulic servocontrolled
actuators are used to control the vertical motion.
The actuators are located such that one is on the
roll axis (see Fig. 5). By forcing the other two
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actuators with a phase difference of 180°, the
motion base tavle is forced to rotate,

A fourth actuator used for obtaining lateral
motion is connected from the underside of the
center of the table to a vertica? extension of
the reaction mass. The electrcalc servocontrols
are compensated such that corcection signals are
directed to any actuators thuat are not directly
controlling the motion. For example, for sidé-to-
gside motion c¢f the table, the vertical actuators
must extend to n=ep the table moving in only one
plane, All four aztuaturs are mounted on ball
Joints to allow side, vertical, and rolling motions
of the table. Other motions are restrained.

Restraint System. The motion base restraint
system is shown in Figure 6. This system of link-
ages Is designed to allow the desired three degrees
of freedom, roll, vertical and lateral, and
restrain motions in the fore and aft, pitch, and
yaw degrses of freedom. The restraint of the yaw
and fore-and-aft motions is accomplished by the
geometry of the restraint linkages and by the use
of pin end connections at the reaction mass and
table and ball joints at the centers of the link-
ages. Pitch motion is prevented by appropriate
control of the signals to the vertical actuators.

Performance

The distinctive operating feature of the PRQA
is its ability to reproduce three degrees of free-
dom of the rlde recorded from an actual vehicle.
Furthermore, it can do it in single or multiple
degrees of freedom under control of the operator.
The three motions are heave (vertical), lateral
(sideways), and roll. The amplitude and phase
relationships are infinitely variable between axes.

Motion. The performance of the PRQA is limited
by its actuetors and controls. Curves showing its
capabilities are given in Figure 7. The capability
in the vertical and lateral directions is identi-
cal; namely, the displacement is limited to
6 inches double amplitude from O to 1.28 Hz, the
maximum velocity i1s 2k inches per second, and the
accelc.avion is limited to 10.5g up to 30 Hz. 1In
the roll degree of freedom, the displacement is
limited to 0.2 radian double amplitude from O to
1,28 Hz, the maximum angular velocity is 7 radians
per second, and the acceleration 1s limited to
6 radians per second squared in the frequency range
from 1.28 to 5 Hz,

Control. The control console (Fig. 8) for the
PRQA is located in an adjoining room where the
operator can observe the PRQA and its occupants
while controlling its motion. Considerable versa-
‘Ality is built into the control console. Some
sxamples are: (1) a program selector allows selec-
tion of up to six programs including random noise,
tipe recnrders, and signal generstors for each
actuator; (2) a program conditioner to allow an
adjustable rate of turn-on and turn-off of the
signal selected and allows master programing of
each or all degrees of freedom; (3) limit detectors
to limit displacement, velocity, and acceleration;
and () controllers that allcw complete preprogram-
ing. When the test program has been preset, &
push of the start/stop button initiates testing.
For any repetitive testing, after the preset
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nunber of cycles have occurred, the system comes
to rest at the preselected rate.

Operation., The PRQA is operated by two
certified operators. Prior to the initiation of
8 geries of tests, both operators use a checklist
and set the controls for the prescribed test, In
addition to adjusting the potentiomete-s for the
desired motions, displacements, accelerations,
frequencies, and time for the particular t:ist,
limiters are also adjusted. These limiters are
for displacements, accelerations, or pressures.
They are adjusted such that a visual indicator,

a light on the controller panel, chows when the
signals are off by a preselected value, say 5 per-
cent. When the signal has a greater discrepancy,
say 10 percent, the system automatically shuts
down. For conducting a test, one orcrator pushes
the start/stop button and monitors a four-beam
oscilloscope to be assured that the expected test
is veing conducted. The particular signals
monitored are selected by wire connections on the
scope matrix board. Typical signals of interest
include ectuator control signals, table displace-
ment, passenger cabin accelerations. The test
either finishes sutomatically, or the operator
pushes the start/stop button a second time, The
second operator observes the test and the subjects
from a position outside the passenger cabin and
notifies the control console operatcr of any condi-~
tions requiring test termination. The test sub-
Jects can also abort the test by pushing any of
the "chicken" awitches.

Reproducibility. An indication of the
reproducibility of the PRQA 1s shown in Figure 9.
Signals proportional to the accelerations measured
on the floor of a bus were used as input to the
PRQA. These signals were integrated twice to
obtain control signals for the actuators. The
resulting motions on the floor of the PRQA were
measured using the same portable vibration
measuring/recording system [3] used to obtain the
bus measurements. From the figure, it is seen
that accelerations measured on the floor of the
PRQA passenger compartment closely resemble those
measured on the floor of the bus. When a sinu-
soidal input representing either displacement or
acceleration was used, the reproducibility was
excellent.

Anotier indication of the PRQA reproducibility
is shown in Figure 10, again using the accelera-
tion measurements obtained during tie above~
mentioned bus ride. The upper curve in Figure 10
shows the power spectral density (PSD) of the
accelerations measured on the floor of the bus.

The data used for this PSD encompess the l-second
interval of data shown at the top of Figure 9.

The lower curve in Figure 10 shows the PSD of the
response measured on the floor of the PRQA compart-
ment for the same time period as the upper curve.
With the exception of the responses below 2 Hz,
excellent agreement exists between input and ocut-
put. For frequ:incies below 2 Hz, the control
console has rolloff fiiters to reduce the response
of the PRQA to quasi- or steady-state accelera-
tions. This reduction is necessary due to the
limited excursion available to the PRQA.

Man Rating and Saf2ty Consideraticns

All egquipment in NASA that iz used in men-
machine research is required to be man-rated. In
general, th.s means that the operation cf the PRQA
equipment is foolproof and ssfe in all respects.
The intent of the PRQA 1s to expose passengers to
the dynamic environments typical of existing
ground transportation systems or commercial jet
aircraft, Passengers will not Ge exposed to vibra-
tions resulting in pain or injury. The following
discussion of sefety aspects has to do with potens
tial emergency conditions only. The safety con-
siderations for the PRRA as s.own in Tavle 1 fall
in two categories: the apparatus snd itz lccation.

TABLE I, SAFETY CONSIDERATICNS

¢ Apparatus
o Flectrical and Hydrualic
© Mechanical

o Fecellity

Among the electrical safety devices are those
that will shut down the system automatically such
as activating a limit switch by exceeding a preset
voltage representing displacement, velocity, or
acceleration. Hydraulic safety devices consist of
temperature and pressure controllers, oil level in
reservoir, and preset valves called load limiters
to prevent any nonprogramed loads to the resesarch
compartment.

. Examples of mechanical devices are amicro-
switches at the limits of the travel of the motion
bage table, If the table does not stop due to
electronic control, four mechanical supports (see
Fig. k) are provided to insure that the table
cannot proceed more than 1/2 inch farther. Shock-
absorbing material is attached to the motion-base
table to reduce impact forces during emergency
conditions. Metal-to-metal impact i{s prevented.
Other mechanical switches that will stop the sys-
tem are activated upon opening either access door
or by pressing the “chicken" switches located above
each seat. The research compartment is designed
to withstand a more severe vibratory enviromment
than conventional aircraft. The structural ansly-
sis of the compartment showed the first structural
frequency to be 38 Hz.

Some of the safety considerations of the
facility include hinged cover plates that cover
the space between the table and the platform.
These plates are kept closed except during tests.
They prevent anyone from accidentally stepping
where there is no platform. Warning flashing
lights stating "tests in progress"” are activated
during tests to prevent unauthorized entrance.

PRQA Programs

Although not finalized, it is planned that
initial programs utilizing the PRQA will be directed
toward identifying and verifying the principal
vibration parameters influencing human comfort
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response. Physical parameters of interest include
frequency, amplitude, narrow-band power, exceed-
ance count, peaks, rms levels, and axes o1 vibra-
tion. Psychological parameters include such
variables as crowding, attitudes, surroundings,
and subject population.

One series of tests will determine the fre-
quency and direct onal sensitivity of humen
subjects by exposing them to narrow-band white
noise with center frequencies ranging from 1 Hz
to 30 Hz along one axis at a time. The results
should help to refine the human frequency depend-
ent transfer function for each axis, and also to
determine the relative weighting factors to be
applied to each axis of vibration. Once freguency
and directional sensitivity factors have been
determined, another series of tests will be
oriented toward identifying the vibration parame-
ter(s) best correlating with measured comfort
responses. This will involve application of
correlation or regression techniques to the PRQA
data. The outcome is expected to be a regression
model for comfort. .

DEVELOPMENT OF SUBJECTIVE RESPONSE SCALES

The Department of Psychology of 0ld Dominion
University (ODU), under contract to LRC, is con-
ducting an experimental study to develop and
validate means for measuring and assessing the
response of people to motion and vibration. Sev-
eral condidate subjective response rating scales
have been tested by exposing large groups of
passenger subjects to ride motions under actual
field conditions. The field vehicles used were
City Rapid Transit buses that were operated over
a preselected route which included segments of
ride varying from relatively smooth (interstate
highway) to relatively rough (isoclated rural roeds).
A total of four candidate rating scales were
investigated. Scales 1 and 2 are illustrated in
Figure 11. Both are integer scales with point
values ranging from one to five for scale 1 and
one to six for scale 2. Note also in Figure 11
the differences in descriptive adjectives between
the two scales. A third scale (scale 3) shown in
Figure 11 was used in which the subjects were
merely asked to rate the ride comfort as being
satisfactory or unsatisfactory. The fourth scale
(not shown) is a magnitude estimation scale in
vhich the passenger subject assigns his own
numbers to his perception of comfort. A discussion
of the psychological factors influencing the
selection of these scales for study is beyond the
scope of this paper but will ve repcrted in detail
in a report to be prepared by ODU at a later date.

The basic ingredients of the exper'mental bus
program are illustrated in FPigure 12. The tests
involved the leasing of City Rapid Transit buses
to transport groups of passenger subjects over a
preselected route approximately 54 miles in length
and 2 hours in duration, A total of eight bus
trips have been made to date with groups of 20 to
30 passenger subjects per trip. The subjects were
asked to rate the comfort of 17 preselected por-
tions of the total ride using one of the candidate
rating scales. The comfort evaluations were taken
at about 5- to l0-minute intervals with the sab-
Jects allowed about 15 seconds to indicate their
ratings. Physical ride motion measurements were
obtained during each 15-second rating period using

the LRC ride measurement package [3]. These meas-
urements consisted of the three-axis linear
accelerations at forward and center locations in
the bus floor. The acceleration time histories
were then processed through the LRC time series
analysis program to cbtain power spectra (g2/Hz)
of the ride. The povwer spectra were then inte-
grated over 2 Hz bandwidths and the square root

of the results taken to obtain s measure of the
average rms level of acceleration contained within
each bandwidth. Typical examples for two rides,
one of which was rated satisfactory and the other
unsatisfactory, are shown in Figure 13. The upper
graph shows the average rms acceleration levels
associated with each of 12 frequency bands ranging
from 1 to 25 Hz. These data correspond to vertical
motions at the front of the bus and were obtained
when scale 3 was in use. For this conditionm,

82.1 percent of the subjects rated the ride as
satisfactory denoting a relatively smooth ride. In
contrast, however, examine the lower graph of
figure. This shows considerably large rms levels
with only 17.6 percent of the subjects rating the
ride as being satisfactory. Note also that the
overall rms acceleration level associated with the
rough ride is approximately three times the level
for the smooth ride. The subjective data for each
scale were analyzed by ODU to obtain interscale
correlations, identify inconsistencies, and to
identify a best scale. Data analysis and compara-
tive evaluation of rating scales are still underway
by ODU. Preliminary results, however, indicate
that scale 2 appears to be the best at this point
in time. Final selection of a scale awaits further
analysis and will be published by ODU.

CONCLUDING REMARKS

A discussion of the Langley Research Center
ride comfort program has been presented with
emphasis on the development of a Passenger Ride
Quality Apparatus and development of validated
subjective response rating scales. The performance
and safety features of the Passenger Ride Quality
Apparatus have been described and some of the
initial ride quality test programs outlined. A
description of the experimental procedure employed
by 0ld Dominion University to develop improved
comfort rating scales has been given. Although
data analysis is not yet complete, a tentative
rating scale has been identified.
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CAPTIVE FLIGHT ACOUSTIC TEST
CRITERIA FOR AIRCRAFT STORES

o~

Alan Burkhard
Air Force Flight Dyramics Laboratory
Wrig'.t-Patterson AFB, Ohio

This pzrer describes the deveiopment of an acoustic test criteria for
assembled externally carried aircraft stores for their captive flight
envircnment. This test method ‘nduces random vibration within the
store which closely simulates the actual service environment at vibra-
tory frequencies above 200 Hz. Because it requires application of the
oscillatory force external to the store, there is no need to account
for structural transmissabiiity characteristics in the test development.
The criteria were develvped using the results of extensive captive flight
and acoustic chamber measurements on aircraft stores and wind tunnei
studies of typical store shapes. The test criteria are not rigidly
established but are adaotable to a particular aircraft/stere interface,

developed acoustic test criteria.

aircraft's dynamic pressure and the store's geometric properties. The
paper contains numerical examples that demonstrate the use of the

wel

INTRODUCTION vibration throughout the store. A good store
qualification test should, thus, cause the same
Externally carri.ed aircraft stores are random vibration patterns. It was pointed out
s exposed to a very severe operational vibration in reference 1 and demonstrated in reference 2 ,
§§ environment. This ervironment has been known that testing in an acoustic chamber would ful-
3 to cause malfunctions such as improper activa- fi11 this requirenent.
ggg tion of fuzes, inadvertent jettison of stores,
v or other failures which compromise the mission This paper describes the effects of turbu- '
Egi of the weapon system. lent airflow acting on the store's surfaces.
= ) The results of wind tunnel and flight studies
f“f; AFFDL has conducted an extensive study of are first discussed to define the characteris-
g existing literature on the vibracoustic envi- tics of this flow field as it relates to stores
B ronment of externally carried aircraft stores of various geometric shapes. This is followed
T and their qualification testing criteria (1). by a discussion of AFFDL acoustic chamber tests
18 This study showed that new test methods are wherein studies were made to duplicate the mea- i
: needed because the present qualification cri- sured in-flight vibrations of six distinct

teria do not provide adequate screening of
stores before flight evaluation and operational
deployment.

The study further showed that the vibra-
tion environment in captive carried aircraft
stores stems from three principal sources:

' aircraft motion such as occurs during takeoff,

landing, and air gusts; aerodynamics (oscillat-
ing air pressure at the store's surface) such
as boundary layer turbulence, buffetting, jet
engine noise, and propeller blade passage
noise; and self induced motion such as internal
pumps and motors or ram afr turbines.

Generally the most significant of all
these sources is the random aerodynamic pres-
sure fluctuations which beat upon the skin of
the store which in turn, produces random

stores. The results of these independent
studies are then corrolated and generalized to
develop acoustic qualification test criteria
for captive carry of a wide range of assembled
aircraft stores. The paper concludes with
examples of the use of the test criteria.

Related random vibration tests for store
components and assembled stores can be found
in Method 514 of MIL-STD-810, "Environmental
Test Methods." The acoustic criteria which are
detailed in the appendix to this paper are con-
tained in Method 515 of MIL-STD-810. A1l of
these external store test criteria complement
each other so that testing is done over the
entire frequency range which vibration has been
known to cause faflures or malfunctions.

TRANSONIC WIND TUNNEL STUDIES

- c—

I - - o i et




"w*wwww¢q¢ﬂﬂ9ﬁ$§ﬁT¥§%§S§g !

~
A

,e

R

PR I

AT PRIt g st

o e menne

[
E AR

*
Ll sttt e 7 s e o = e —————
. W [

v .

i i a

The turbulent airflow about a store's sur-
face contains randomly oscillating air pres-
sures which cause random vibration in the sur-
face structure. This vibration is transferred
throughout the stores structure and to internal
equipment such as fuzes, electronic guidance
and propulsion subsystems. The magnitude of
these turbulent forces is sufficient to produce
failure and malfunctions of internal equipment
and sonic fatigue of 1light weight surface
structure (4,5). Thus it is important to
understand what influences various surface con-
tours have on the pressure fluctuations in the
airflow about a store.

Surface pressure fluctuations on various
shaped rotationally symmetric bodies in tran-
sonic conditions have been measured by several
investigators (6, 7, 8, 9). Their results show
that the character of this fluctuating pressure
field is highly dependent on the surface geom-
etry of a store.

Llose examination of this transonic wind
tunnel data shows the following general char-
acteristics of aerodynamic induced surface
pressure tluctuations.

a. At transitions from conical to cylin-
drical sections, local flow separation occurs
causing local increase in pressure fluctuations.
The magnitude of these increases in pressure
fluctuations is dependent on Tocal cone angle.

b. The effect of local disturbances dies
out within one store diameter down stream of
surface irregularities.

¢. The pressure fluctuations on a long
cylindrical sectiun at locations more than one
store diameter down stream of surface irregu-
larities do not increase in magnitude with aft
station.

d. For regions where the vehicle profile
is continuously changing with aft station, the
magnitude of pressure fluctuations also in-
creases with aft station.

e. The magnitude of pressure fluctuations
is a linear function of dynamic pressure (g).

CAPTIVE FLIGHT ENVIRONMENT

The captive flight vibration and acoustic
environments of externally carried stores in
general have been extensively analyzed by
Dreher, Lakin, and Tolle (1) and Piersel (3).
e following general conclusions can be drawn
from their analyses:

a. The vibration and acoustic spectrum
of a store in captive flight does not signifi-
cantly change in relative shape witn Mach
numbers from 0.45 to 0.90. The whole spectrum
Just shifts in amplitude with increasing q.

b. Linear relationships exist between
store vibration and q (Grms\~q) and between

.pressure fluctuations and q (Prmst~g). These
relationships provide conservative estimates
of these environments if measured values at
0.85 to 0.90 Mach number are used to evaluate
the proportionality constants.

¢. Cluster carriage of a store increases
its vibratior levels above that which single
carriage wo:id produce. The largest increase
in » TCR (triple ejection rack) is 3 dB for
those stores in the shoulder positions and a
6 d& increase for those stores in the aft
shou;der positions of a MER (multiple ejection
rack).

d. Tailfins which are exposed to the air-
stream in captive carriage can introduce signi-
ficant vibratory energy into the whole store at
the tailfin's natural frequencies.

ACOUSTIC CHAMBER STUDIES

Six different stores were selectad for
this program. These were selected because *:ay
possessed the different aerodynamic properties
that are commonly used in aircraft stores.
These store shapes are shown, not to scale, in
Fig. 1. Each of these stores had been instru-
mented at various structural locations to mea-
sure vibration and several stores had two or
thrée flush mounted microphones to measure the
in-f1ight pressure fluctuations on the surface
of the store. The instrumentation and flight
measurement program for these stores was
described by Dreher (10).

STORE A STORE D
STORE B STORE €

b : —_—J v
STORE C STORE F

Fig. 1 - teneral profiles of stores used in
this study

Because of a limited number of data re-
cording channels available du-ing the flight
test program, the flush surface microphones
were not in sufficient number to realistically
define the total fluctuating prassure field
about each store. Even in the cases where
sufficient microphones were available, there
is some concern that differences in the
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turbulent flow field characteristics and
acoustic chamber characteristics do not permit
a one to one correlation between these environ-
ments (1). Thus, it was decided to place the
flight instrumented stores into an acoustic
chamber and adjust the chamber enviranment such
that the captive flight vibration environment
was duplicated.

The six flight instrumented stores were
acoustically tested in the AFFDL Wide Band
Acoustic Chamber which has a single noise
source. This facility was described by Kolb
and Magrath (11). The stores were suspended
by their lugs by means of soft springs and in-
stalled horizontally with the long central axis
of the store coinciding with the horizontal
center axis of the horn. Most stores were posi-
tioned with their aft end toward the horn, as
shown in Fig. 2.

Fig. 2 - Store installed in acoustic chamber

The microphones and accelerometers used
in the captive flight measurement program were
supplemented by five to nine ~crtable B&K con-
denser microphones, Type 41I. These addition-
al microphones were located so that they were
not close to any major discontinuity in the
profile of the store. Microphones were located
in each of the three :++-ions of the store
(nose, middle, and avv) 2- shown in Fig, 3.
These microphones were used to define the
average superimposed acoustic spectrum that
acts on each of these three regions of the
store. The outputs of all the transducers
were recorded on tape by a Honeywell Model LAR
7400 tape recorder and analyzed by a B&K Model
P-297 one-third octave band analyzer and a Time
Data 100 Digital Spectrum Analyzer.

Each store was exposed to several
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A.B,C PLANES WHERE ACOUSTIC
SPECTRUM WAS MEASURED

Fig. 3 - Subdividipg. a typical store into
three regions

different unshaped acoustic chamber environ-
ments that encompassed its measured captive
flight acoustic levels. The responses of the
store mounted accelerometers to the applied
acoustic chamber spectra were then compared to
their respective captive flight vibrations.
The flight data used in this compariscn was  for
Mach numbers 0.85 to 0.90 or maximum q condi-
tion if this Mach number ringe was not attain-
able. Fig. 4 shows how tre applied acoustic
chamber environments excited vibrations in the
stores that had the sarie rescnance peaks and
valleys as the captive flight data. However,
the relative amplitudes of the individual peaks
and valleys were not necessarily reproduced
since the chamber acoustic spectrum was not
specially shaped.

It should be noted from the figure that an
acoustic test does not subject a store's com-
oonents to an artificial vibration environment,
with high levels at frequencies where low
levels occur in captive flight or vice versa.
Therefore, an acoustic test with a properly
shaped spectrum will realistically evaluate a
store for its captive flight environment over
its range of applicability as described later.

The response of a1l the accelerometers in
each of the regions were averaged. The average
one-third octave acceleration spectrum in each
region was compared to the average external
noise outside of its respective region. Fig. 5
shows a typical example of the linear relation-
ship that exists between acoustic noise and
store vibration. A strong relationship was
found for one-third octave band levels having
center frequencies above 160 Hz. This linear
relationship permitted interpolation between
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the various acoustic spectra to determine a
shaped acoustic test spectrum that will exact-
1y duplicate the measured captive flight vibra-
tion above 160 Hz.
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Fig. 4 - Comparison of captive flight and
acoustic chamber vibration response
for the same store station (Bandwidth
of analysis = 20 Hz)

no 0 200

Q 38
o 500
4 800
1004 © 1000

v 1000 v
o
/ .

Fe IS BAND CENTER FREQUENCY -

@™
2

ONE - THIRD OCTAVE BAND ACCELERATION ¢8

(REF. 100 dB = | Gypg)
-~
©

-]
=

¥ ¥ " 34
o] 120 130 140 15¢
ONE - THIRD OCTAVE BAND SOUNC

PRESSURE LEVEL d8 (REE 0.0002
MICROBAR)

Fig. 5 - Linear relationship between average
acoustic noise outside the store and
average vibration for the same store
region

Below 200 Hz, the acoustic chamber re-
sults exhibited an unusual phenomensn. The
vibrations induced in this frequency range by
the chamber noise were much lower relative to
the flight measured vibrations even though the
unshaped chamber acoustic environments encom-
passed the flight acoustic environments. In
fact, using the interpolation/extrapolation
techniques described in the last paragraph,
the projected test levels were significantly
different than the flight measured acoustic
Tevels in this iower frequency range.

If we couple this fact with the assumption
that acoustic fields only excite vibrations at
the natural frequencies of the store surface
(shell modes) and that these are generally
above 200 cps (1), it can be rationalized that
the vibrations induced in the store below 200
Hz stem from other sources such as aircraft
motion, air gust, and buffeting. Thus, pending
further investigation of this phenomenon, it
was ‘decided io cut off the acoustic test spec~
trum at 200 Hz. As a con:equence, it is neces-
sary to simulate this lower frequency vibration
environment by direct application of vibration
to the stoie using a shaker. Such a vibration
test for assembled stores can be found in
Method 5i4 of MIL-STD-810C.

Fig. 6 shows a typical comparison betwwen
the resultant shaped acoustic test spectrum and
the measured captive flight acoustic spectrum
for two store stations that were within one
store diameter of each other (a store diameter
is the maximum diameter in the store). Both
spectra demonstrate similar profiles for the
higher frequencies. However, the shaped acous-
tic spectrum is always less than the captive
flight spectrum. * This difference in levels
could very well be attributed to the placement
of the flush mounted microphones which measured
the captive flight acoustic levels. These
microphones were located next to major Surface
discontinuities which cause localized higher
acoustic levels than that which was found on
the surrounding store surface (8).

The shaped acoustic test spectrum “epre-
sents the average aerodynamic pressure fluctua-
tions profile along the store. Therefore,
strongly localized effects are not included in
these levels. To simulate these phenomena in
conjunction with the distributed acoustic pro-
file would require a multi-source acoustic”
facility. Such a facility is more expensive
to operate and would not significantly improve
on the excellent agreement between the captive
flight and the acoustic test store vibrations
that .has been found using a single source
acoustic facility. Moreover, a single source
facility could be as simple as a Jet engine
with appropriate refiective wails and baffles.

The shaped acoustic test spectra for the
individual stores differ considerably in both
spectrum shape and level. To further anaiyze
the results of this acoustic study the shaped
acoustic test spectrum for each store was
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Fig. 6 - Comparison of measured captive flight
acoustic spectrum with the shaped
acoustic spectrum for store stations
that were within one store diameter of
each other

normalized to a dynamic pressure (q) of 1000
psf and to singie carriage levels. Normaliza-
tion to single carriage levels was done using
the criteria discussed earlier (3) and nomali-
zation to a dynamic pre.sure of 1000 psf was
accomplished using a linear relationship
between vibration and dynamic pressure {1).

The normalized shaped acoustic test spec-
trum for each store was enveloped by a series
of straight line segments as shown in Fig. 7.
These envelopes were drawn for each store sta-
tion where the B&K microphones were positioned
in the accustic test. The shaped acoustic test
spectrum in each region of the store was quan-
tized in terms of three variables, L,, F,, and
A, where L, is the maximun one-third octave
band level in the envelope, F, is the one-third
octave band center frequency at which the
acoustic envelope starts to roll off, and A is
the high frequency roll off rate.

These three variables that defined the
shaped acoustic test spectrum were analyzed
for any general trends that could be identified
for each store or group of stores. These
trends were found to paraliel the results of
the transonic wind tunmel studies mentioned
earlfer. This correlation permitvted the extra-
polatior and interpolation to flight regimes
anddvehfcle shapes not investigated in this
study.
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Fig. 7 - Envelope for typical shaped acoustic
test spectrum

The detailed development of the prediction
relationships for each parameter that defines
the envelope for the shaped acoustic test spec-
trum can be found in an Air Force Flight
Dynamics Laboratory Technical Report which is
scheduled for publication in 1973. Pertinent
results of the study which lead to the develop-
ment of the acoustic test criteria are discus-
sed in the following sections.

SPECTRUM SHAPE

Fig. 8 shows how F, values tend to cluster
into separate groups when plotted against non-
dimensional characteristic length ratio, X/R,
where X is distance from the nose of the store
measured along the longitudinal axis of the
store and R is the local radius of the store
at any svore station. One group of data is for
store stations that were either aft of re-
entrant angles or that were within one store
diameter of the aft end of the store. The rest
of the stor: stations cluster into the other
group. This data can be approximated by Equa-
tion 1 below, when the calculated values of F,
are rounded off upwards to the next highest
one-third octave band center frequency.

F, = 600 Log(X/R) + C (m

where C = -200 for store stations that are
within one store diameter of either
the aft end of the store or aft of
re-entrant angles

C = 400 for other store stations

The lower values of Fo, at the aft end of
the store and at statfons that are aft of re-
entrant angles are characteristic of pressure
fluctuations accompanying flow separation (12).
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F, = 600LOG(X/R) + C
£ “* 500 ° J The overall pressure fluctuations on a
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E / L with aft station and is approximately
g .’ Prms¥ 0.029 (12}, The one-third octave band .
& ° — v levels measured in captive flight fur stores
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£ X/R mately flat from 200 to 2000 Hz. Therefore, i
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H Fig. 8 - Shaped acoustic test envelope cut oft R
: frequency varjation wit' characteris- 160 s
! tic nondimensional st.rc length [ ° =N
: 3
ACOUSTIC LEVEL, Lo 23 1ol o & oo
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i The extensive analysis of captive flight ot ° S-s~g_ At
vibracoustic data done b Dreher (1) and So 140 =<0, _ ¢
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) i servative approxiration of this relationship Sug 1304 o A a0 [
! } {s the assumption that acoustic levels and £ §§ 0 o 8 o€ 1
; vibration levels are linearly dependent on ] o ¢ o f P
: dynamic pressure (q) nrovided data measured in geg 120 T ' el
§ the transor:c flight regime is used to evaluate 3 10 100 Caed
% the prer. ticnality constants. Therefore, a X (INCHES)
CE basfc ..guatton of the form L, = 20 Lou(q) + Z
3
- ci b used, where Z represents the influence .
i * the individual geometry of each store as Flg. 8 - Aftward variation of maxivum one-
g discussed Selow. third octave band sound pressure
level, scaled to q = 1000 psf.
4 Fig. 9 shows how the one-third octave band
3 level, L,, changes with store station. Three the one-third octave pressure fluctuation
¥ distinct trends are evident. Most of the level is approximately P.ps» 0.006qg or:
; g stores tested had L, increasing with aft store Lo=20L . (
: & station. However, store Citlxad L, decreasing o = 20 Log(q) + 84 {4)
: with aft store statfon, while stores 8 and D £ : :
| 2 . : uation 3 is used for store stations up un-
‘ 1 had L‘.’ remaining relatively constant across t(ill one store diameter into a long cvligdrical
; 3 certain store stations. Aill these trends can section and then Ecuation 4 is used for store
! ] be related to their individual store profiles stations in the larig cyl{ndrical sect1on
using the earlier mentioned wind tunnel results. SELLIOR.
x‘l’j’» . . F n i i i
o Stores with Changing Cross-sectional Diameter aft ofog ?oﬁgacf,;?gdg;:':?tgg;gg 32;’2‘]32&3“
i 2. Redefine X and K so that X equals one at
For those -stores which had gradually : .
| changing store profile (i.e., stores A and B), ghsa?gtssnd of the cylindrical section and K
! the one-third octave bandl'level variatifon with q :
& store station can be enveloped by the following
. equation: Stores with Blunt Noses
- _ A very blunt nose (s, equal to 80-90
. Lo = 20 Log(a) + 11 Log(X) + K (2 degrees) produces a very sl.trong increase in
: K is evaluated by considering the nose ¢f 2::3.:‘_‘”7;;"3::302; :pt,f:h ft'ﬁgf‘g ::sgh;res-
each store. A convenfent measure of the sure rise over-shadows the influence of
emount of pressure fluctuations that the nose
introduces into the envirorment about the store
in captive flight is the local cone angle at
station X = 1 inch as shown in Fig, 10, - Using -
3
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Fig. 10 - Local cone angle at station X
equals 1 inch

%radual surface profile changes in the rtore
9). This is evident in store C where L, de-
creases with aft store station (see Fig. 9).
In this case Equation 3 is replaced with
Equation 5, below.

L, = 20 Log(q) -6 Log{X) + 96 (5)

Equation 5 is used for store stations up
until X equals 100, Aft of this station use
Equation 3 or 4 depending which one is appro-

priate for the type of store profile in this
region,

HIGH FREQUENCY ROLL OFF RATE, A

To best envelope the individual shaped
acoustic test spectrum for each store and store
station without being too conservative resulted
n twn different roll-off rates. 6 dB/octave
for F, greater than 400 Hz and 2 dB/octave for
Fo equal to or less than 400 Hz.

ACCURACY OF PREDICTION RELATIONSHIP

To demonstrate the accuracy of the de-
rived acoustic test prediction criteria, test
parameters were calculated for the stores used
to develop these criteria. A comparison of
predicted values from equations 3, 4, and 5 and
acoustic chamber values is shown in Table 1.
A1l stores except store A were predicted
within acceptable tolerances.

The L, values for the three sections of
store A were severely under predicted by 7 to
12 dB. This can be explained by considering
the structural makeup of this store and the
spectral characteristics of its flight data.
As discussed by Dreher (10) the significant
peaks in this flight data can be correlated
to the natural frequencies of the tailfins on
the store. He estimated that the vibrating
tailfins could contribute as much as 13 to
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20 dB to the measured vibrations levels
throughout the store, which suggests that this
under prediction is, in fact, largely due to
the highly turbulent conditions around the aft
fin section. Therefore, by removing the tail-
fin vibration from the flight data so that only
the vibration due to surface pressure fluctua-
tions on the main body of the store is consider-
ed, the acoustic chamber and predicted levels
tend to fall in line.

The analysis of the flight measurements
for the other finned stores ?E and F) shows
that tailfin vibration does not predominate

to such a significant extent as occurred for
store A. In the case of store E, flight acous-
tic measurements near the fins are, in fact,
higher than flight measured levels from store
A. However, store E's tail cone assembly is
loosely attached (definite play observable) to
the main body of the store such that its highly
vibrating tail cone can be easily isolated.

The tail cone on store A, on the other hand, is
rigidly attached to the main store body result-
ing in no attenuation.

In the case of store F, its fins are more
like wings (i.e., large with respect to the
main body). As discussed in references 1 and
13, it is difficult or impossible to excite the
the more fundamental natural frequencies of
relatively large surfaces in flight because of’
the relatively poor space/phase correlation of
the turbulent air flow. Thus, it follows that
the wings on store F should not contribute
significantly to its dynamic environments
whereas the relativei, small fins on store A
should, and do, contribute significantly.

It thus appears that more work is neces-
sary to establish a cutoff fin area {or size)
below which the fin vibration effect is signi-
ficant. In this case, then, the acoustic
chamber predicted test level would be raised
by a certain factor (say 12 to 15 dB) near the
fins. This would provide both a sonic fatigue
test for the fins (many fins have fatigued and
fallen off in flight) as well as a vibration
test for the rest of the store.

As an interim approach to qualifying
stores with rigidly attached small tail fins,
the use of the assembled store vibration test
outlined in Method 514 of MIL-STD-810C is
recommended. This test is designed so that
most stores in this category receive a thorough
vibration shake-down over a frequency range
which extends to 2000 Hz.

TEST CRITERIA

A general acoustic test criteria for cap-
tive and free flight of assembled externaliy
carried aircraft stores is contained in the
Appendix and was constructed using the results
of this investigation and the characteristics
of normal mission profiles for aircraft that
carry stores. Note how the criteria can be
adjusted for frequency range, amplitude, and
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TABLE 1
Comparison of Predicted and Acoustic Chamber Values for Shaped Acoustic Test Spectrum Envelopes
Store Chamber | Predicted | Chamber | Predicted { Chamber | Predicted
Store | Region L L Fo Fo 1 A A
' A Nose 146 134 500 500 [ -6 -6
A Middle 150 143 800 803 -6 -6
A At 157 145 630 630 -6 -6
B Nose 127 127 1250 630 -6 -6
B Middle 140 138 1250 1000 -6 -6
B Aft 140 142 1250 1600 -6 -6
g Nose 148 150 500 400 -6 -2
¢ Aft 142 143 400 400 -2 -2
D Nose 138 136 800 1000 -6 -6
D Middle 143 143 630 1250 -6 -6
D Aft 143 144 630 500 -2 -6
E Nose 138 139 400 500 -6 -6
E Midule 145 144 400 800 -6 -6
E Aft 150 150 800 400 -6 -2
F Nose 134 144 400 630 -2 -6
F Middle 138 140 400 1000 -2 -6
F Aft 142 142 400 500 -2 -6

flight conditions. Thus overtesting and under-
testing are minimized.

The free flight criteria were derived
directly from the captive flight criteria be-
cause of the lack of any significant amount of
free flight store data. In this regard, the
acoustic test criteria for single carriage of
a store during captive flight is used for the
free flight criterfa provided that the maximum
free flight dynamic pressure is used to calcu-
late the test levels. It is judged that this
approach is slightly conservative to the ex-
tent of any addition to the test level caused
by pylon/rack generated turbulence which is not
present during free flight.

The captive flight criteria contain func-
tional and fatigue (endurance) tests. A sepa-
rate functional test was provided to allow
performance evaluation of operating store equip-
ment at realistic environmental levels. The
fatigue test levels are generally higher and
are adaptable to the testing time and the num-
ber of operational missions. The development
of these fatigue criteria parallels those used
n other store and aircraft equipment vibration
tests (3, 14).

EXAMPLE CALCULATION USING ACOUSTIC TEST
CRITERIA

Examale 1

A new store is being developed for captive
carriage on a high performance aircraft. This
store is designed for a life of 50 missions
with an expected maximum dynamic pressure of
1400 psf. The shape of the store is shown in
Fig. 11 and pertinent geometric properties of
the store are listed in Table 2.
Plane A

f, = 600Log(20/4.5) + 400 = 790

foe 800 Hz

L, = 20Log(1400) + 11Log20 + 7Log(1-cos

69) + 72 = 147.9 Functional Level
L, = 20Log(1200/1400) + 2.5Log(50/9) +

147.9 = 148.3 Endurance Leve!l

1o AL A ey WP

R

L apras ey
PR

P

v i mn e




[

RN o o e #

LS e

Plane B
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Level
20Log(1200) + 2.5Log(50/9) + 84
147.4

—
(=3
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Plane C

-
n

Level
= 20Log(1200) + 2.5Log(50/9) + 84
= 147.4

Endurance Level

Endurance Level

600Log(80/5) + 400w 1250 H,
20Log(1400) + 84 = 147

Functional

— T
Endurance
(T = 3 hours} A

TABLE 3

Acoustic Test Criteria for the Store
in_Example 1

Reference| f, *Lo
Plane {H,) | Functional

A 148 148 -6
B 147 147 -6
c 1600 i 147 147 -6

600L0g(140/5) + 40040 1600 H,
= 20Log(1400) + 84 = 147

Functional

Fig. 11 - Store profile of Example I

TABLE 2
Properties of the Store in Example I
Reference Store Local
Plane Station Store
(Inches) Radius
(Inches)
A 20 4,5
8 80 5
¢ 140 5
N =50 gmax * 1400 psf
Length of Store = 160 inches
8, * 69° T = 3 hours
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* Since functional levels are the same as en-
durance levels, functional checks could be
made during the endurance test. In this case,
only 3 hours of testing is necessary.

Example II

Suppose a new store is being developed
for use on a high performance aircraft, This
store is designed for cluster carriage in
either a TER or MER rack, total of 3 missions,
and a maximum dynamic pressure of 1000 psf.
The deployment of this store permits a maximum
free flight dynamic pressure of 1500 psf, The
shape of this store is shown in Fig. 12 and
pertinent geometric data for this store is
listed in Table 4.

Fig. 12 - Store profile of Example II

Plane A
f, = 600Log(16/6) + 400 & 800 Hp
Lo = 20Log(1000) + 11Log(16) + 7Log(1-cos
24°) + 72 = 137.7 Functional Level
L, = 20Log(1000/1000) + 2.5Log(3/3) +
137.7 = 137.7 Endurance Level

i .
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\gj‘% Plane B TABLE 4
g f, = 600Log(50/10) + 400 & 1000 4 Properties of the Store in Example II
"
A -
3 L, = 20Log(} + 11Log{50) + 7Log(1- Reference Store Local
g’ o = 20Log(3000) Log(50) 9(1-cos Plane Station Store
: 24°) + 72 = 143.2 Functional, (Inches) Radius
- {Inches) .
Endurance Levels A 6 3 ;
' p B 50 10 .
b Tane C ¢ 34 7
& f, = 600L0g(84/7) - 200 & 500 H, ‘
%.é L, = 20Log{1000) + 11Log(84) + 7Log(1-cos Total Length of Store 100 inches v
¥ 24°) + 72 = 145.8 Functional, By =24 N=3  T=1 hour
% Endurance Levels i
3 TABLE 5
g Note: Since the store can be carried on a TER Acoustic Test Criteria for the Store Loy
! or MER rack these Jevels were raised in Example II
: 6 dB for the test criteria. Since func- i
: tional and endurance test levels are Refarence fo Lo A ,
N the same for a test time, T = 1 hour, no Plane H, Functional R
endurance test is needed. MER Rack *
(T = 1 Hour) ‘
§
Free Flight Calculations A 800 144 -6 '
B 1000 149 -6 !
) L plane A c 500 152 -6
P f, = 800 H,
| = -
L, = 20Log{1500) + 1ilog(16) + 7Log{1-cos REFERENCES
Cod 24°) +72 1. Dreher, J. F., Lakin, E. D., and Tolle, E.
| L. = 141.2 A., "Vibracoustic Environment and Test
i ] ° ‘ Criteria for Aircraft Stores During Captive
, Plane B Flight," Shock and Vibration Bulletin, No.
A 39, Supplement, April 1969.
; 4 fo = 1000 K, 2, l;eve‘rl'}gy. 112 W., "\il}l;racgustic Test Methods
: - + - or Vibration Qualification of Apollo

' é’g Lo ggkgg(lggm + 1Log(50) + 7Log(1-cos Flight Hardware," Shock and Vibration

! ¥ Bulletin, No. 37, January 1968.

' 3 Ly = 146.7 3. Piersol, A. G., "Vibration and Acoustic !

! 3 Plane C Test Criteria for Captive Flight of .

Externally Carried Aircraft Stores," M

. fo = 500 K, AFFDL~TR-71-158, December 1971. :

1 . -

- . ) 4. McGowan, P. R., Frasca, R. L., "Structural o

| Lo = 20L0g(1500) + 11Log(84) + 7Log(1-cos Design for Acoustical Fatigue,” ASD-TDR-63-

i’ ' 28°) 472 820, October 1963. i

i : L = 149.3 5. Ballentine, J. R., Plunblee, H. E., et. al,

¢ ) ° : “Refinement of Sonic Fatigue Structural

b Design Criteria," AFFDL-TR-67-156, 1967. L,

Since the captive flight test levels are " ’

: ) higher than the free fiight levels no separate 6. g?e. C. f" g"d Nute, J. ?." Stead;s' ang
free flight test is required as long as the "ﬁt"at Eg drfssurﬁsvaﬁi ;ansgnliwc\SAp?:xs o
free flight functional checks are done during (7”7'8 arg:er o ];ggc enicles, - L7
the captive flight test. » pecember . s

7. Coe, C., F., "Steady and Fluctuating Pres- bl
sures at Transonic Speeds on Two Space- gt
Vehicle Payload Shapes,” NASA TMX-503, SE
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March 1961.

8. MWiley, D. R., and Seidl, M, G., “"Aerodynam-
jc Noise Tests on X-20 Scale Models,”
AFFDL-TR-65-192, November 1965.

9, Coe, C. F,, "The Effects of Some Variations
in Launch-Vehicle Nose Shape on Steady and
Fluctuating Pressures at Transonic Speeds,”
NASA TMX-646, March 1962,

10. Dreher, J. F., "The Effect of Tailfins on
the Vibracoustic Environment of Externally
Carried Aircraft Stores," Shock and Vibra-
%1on Bulletin, No. 41, Supplement, December

70,
11. Kolb, A. W., and Magrath, H. A., "RTD
Sonic Fatigue Facility, Design and Perfor-
mance Characteristics," Shock and Vibra-

tign Bulletin, No. 37, Supplement, January
12, Lyun, R, H,, Random Noise and Vibration
in Space Vehicles, Shock & Vijration Mono-
grapﬁ SW-1, U. 5. Government Printing
Office, Washington D. C., 1967.
13. Eldred, K., Roberts, W., and White, R.,

"Structural Vibrations in Space Vehicles,"
WADD-TR-61-62, December 1761.

3.5.2.1 Microphone Placement

Three reference planes perpendicular
to the longitudinal axis of the store shall be
defined. The location of these reference
planes is such that they are at positions which
are one-sixth, one-half, and five-sixths of the
length along the store. In each reference
plane 3 microphones, 120 degrees apart, shall
be positioned about the store. Each microphone
shall be located within 18 inches from the sur-
face of the store but no greater than one-half
the]distance from the nearest baffle, whichever
is less.

3.5.3 Test Procedure

The response of the microphones which
are in each reference plane shall be averaged
giving one output for each reference plane.
The one-third octave band sound pressure level
about the entire store shall be shaped so that
at the location of each of these three refer-
ence planes the frequency spectral profile
shall envelope the frequency spectral profile
of Figure 515,1-3 and the values of Table
515.1-11. A controlled acoustic environment
below 100 Hz and above 2000 Hz is not required
but these frequencies may be present because of
the nature of the test facility.

3 14, Dreher, J. F., "Aircraft Equipment Random For Tow power acoustic facilities which
CE Vibration Test Criteria Based on Vibra~ cannot excite the entire frequency range at one
i tions Induced by Turbulent Afrflow Across time, 1t is permissible to break the test into
g Aircraft External Surfaces,” Shock and smaller freguency segments. The testing time
S Vibration Bulletin, No. 43, 1973. for each of these segments shall be the same as
£ that required if the entire spectrum is excited

¥ simultaneously.

£

£ APPENDIX 3.5.3.1 C(aptive Flight Test

£

51 METHOD 515, MIL-STD-810 Two tests, functional and endurance,
*5 shall be conducted using their respective test

[

ﬁ‘\»
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3.5 Procedure II - Acoustic testing for assem-
bled externally carried aircraft stores.

3.5.1 This acoustic test is performed to deter-
mine that the assembled store is constructed to
withstand and per”ciw 1. ine expcctad dynemic
environment. Procedure iIB of Hethod 514,
assembled externally carried store vibration
test, shall also be conducted to insure thor-
ough testing from 20 to 2000 Kz, Acoustic test-
ing of assembied externally carried stores is
not required if the minimum value of f, of para.
4,7.2.3 of Procedure 1IB of Method 514 is
greater thar 1200 Hj.

3.5.2 Test Setup

The store shall be mounted in a suitable
test facility as described in 3.4.1. A suit-
able acoustic noise source can be a jet engine
on an open-air stand, 2 jet engine in test cell,
or an acoustic test chamrber, Provision for
baffles shali be made so that the freguency
spectrum can be shaped o the required profiles.

levels given in Table 515.1-I1. No endurance
test is required if, for a one hour endurance
test, the test level Loy is equal to or less
than the corresponding functional test level.
Du-ing the functional test, the store shall per-
form according to prime deveiuvpment specifica-
tion operating requirements ,cef. General Re-
quirements para. 3.2.4). This test shall be
for one hour. Proper performance of the store
is only required after conclusion of the en-
durange test {ref. General Requirements para.
3.2.4).

3.5.3.2 Free Flight Functional Test

Fc~ stores that are cepioyed by sepa-
ration from the aircraft (fr?§ {1ight) iuch]as
bombs and missiles, a free flight furctiona
test shall be conducted in addition to the cap-
tive fiioht tests of para. 3.5.3.1. The equip-
ment shall perform according to the e?uipment
specification operating requirements (ref.
General Requivements, para. 3.2) during the
functional testing. Para, 3.5.2, para.
2.5.2.1, vars. 3.5.3, Tabie 518-11, and Figure
£15.1-3 sha'l by usad to deter-ir . the test
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procedures, levels and frequency spectra for
the free flight test except as noted below.

In this case, factor (N/3T) shall be set equal
to one and no MER or TER cluster carriage fac-
tor shall be used. The value of q shall be
the maximum value attainable during free
flight. The duration of thig functional test
shall equal the maximum free flight time ex-
pected at maximum q, but not less than 30
seconds. In the event that all free flight
functional checks are made during the captive
functional test and the captive functional test
levels are larger than or equal to those de-
rived here (3.5.3.2), no free flight functional
test is required.

3.5.4 References
Dreher, J. F., Lakin, E. D., Tolle, E.

A., “Vibracoustic Environment and Test Criteria
for Aircraft Stores During Captive Flight,"

Shock and Vibration Bulletin No. 39, Supplement,

NRL, Wash, D0.C., April 1969,

Dreher, J. F., "Effects of Vibration and
Acoustical Noise on Aircraft/Stores Compatibi-

Tity," Proc. Afrcraft Com atibility Symp., Vol.
6, pp 245-27Z, Eglin AFB, Florida, November
1969.

Preliminary AFFOL Test Results of Labo-
ratory Acoustic Chamber Simulation of Flight
Vibration of Externally Carried Aircraft
Stores, Technical Report Expected June 1973,

Burkhard, A., "Captive Flight Acoustic
Test Criteria for Aircraft Stores," Shock and
Vibration Bulletin No. 43, NRL, Wash, D.C,,
January 1973,
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TABLE 515.1-11 Acoustic Tegt Levels for Assembled Externally Carried Aircraft Stores
Functicnal Test Lci’°’°" = 20Loq(g,) + 11Log(X) + 7Log(1-cosel) + 72
£,2:3 = 600Log(X/R) + C

B

;‘»:' 5‘1‘?1:@; Fadt

“

Endurance Test Lol"j’s’7 = 20Log(q,/q;) + 2.5Log(N/3T) + functional level
£,2% = 600Log(X/R) *+ C

Definitions

q, = maximum captive flight dyna.aic pressure Lbs/Ft?

Q, = 1200 psf or maximum captive flight dynamic pressure (whichever is lower) Lbs/Ft2
N = maximum number of anticipated service missions (minimum N = 3)

R* = local radius of store in inches

X = distance from nose ¢f store along axis of store in inches

T = test time in hours (minimum T = 1 hour)

C = -200 locations within one D of aft end of store or aftward of re-entrant angle

C = 400 all other locations
A

A

: mmwmw A S

= -6 dB/octave f,>400 Hz
= -2 dB/octave f,=400 Hz
L% = maximum store diameter in inches
g, = local nose cone angle at X equals 1 Tan 8 = (R/X)(ref Fig 515.1-4)

Representative Parametric Values to be used for Captive Fiight when
Specific Parameters are not Available

? Local Nose fa f fo

L Cone Angle q Nose Middie Aft
3 Store Type Endurance Degrees max | Section Section Section
2

% Air to Air Missile 100 69 1600 500 1000 500
A Air to Ground Missile 3 12 1600 800 630 630
5@‘ Instrument Pod 500 69 1800 500 1000 500
& Reusable Dispenser 50 11 1200 630 1000 400
= Demolition Bomb 3 24 1200 500 1000 630
: Flat Nose Store 3 20 1200 j 400 630 315
% Notes

1. Raise computed L level by 3 dB for a store carried in a TER cluster rack; by 6 dB for a MER
cluster rack.

2. If calculated f, is above 2000 Hz use upper frequency limit of 2000 Hz. IT calculated f, is
below 200 Hz use 200 Hz.

3. Round off f. upwards to a one-third octave band center frequency.

4. For stores which dc not have circular cross-sectiocns the radius usec in the formulas shall be
the radius of the circie which circumscribes the cross-section of the store.

5.

For locations on flat nose stores (80°«<3,<50°) where X<100
Functional test L, = 20Log(q1; - 6Log(x§ + 96
Endurance test L, = 20Log{q,) - 6Log(X) + 96 + 2.5Loy{N/3T)
6. For long cy]indrica? sections,>2D, use for locations more than one D affward into the
cylindrical section
Functional test L, = 20Log§q1) + 84
Endurance test t, = 20Log(q,} + 84 + 2.5Log(N/3T)
7. For changing radius section either aft of a long cylindrical section or when X>100 on a flat
Nose store, redefine X so that X = 1 at beginning of this section.
Functional test L 20Log(q1) + 11Ler(X) + 84
Endurance test Lo = 20Log{q,) + 1'Lc 4(X) + 84 + 2.5Log(N/3T)
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DISCUSSION

Mr. Dickerson (Motorola): In our product
line we are interested in protecting our cir-
cuits from the environment which was just dis-
cussed. 1s there not another step that we have
to take to get from the aerodynamic environment
on the store to our circuits internally? Would
that not be a strong function of the type of
airframe on which that type of external store
is carried?

Mr. Burkhard: That is true. This test
criteria is for the complete store as a system,
Are you talking about component testing?

Mr. Dickerson: Not necessarily a compo-
nent, but a subsystem of a component,

Mr. Burkhard: I didn't present it here,
but there is a new proposed random vibration
component or subsystem test criteria for equip-
ment installed in externally carried stores.
This test criteria was based upon this same
flight test I talked about, except that there
are about 25 stores in this test criteria. The
results and the criteria are discussed in a
Flight Dynamfcs Laboratory technical report.

Mr. Kertesz (Lockheed Missiles & Space
Company): Do you have any idea as to how the
acoustic apectrum you derived compares with the
pressure spectrum you measured in flight?

Mr. Burkhard: We did do comparisons., We
had two to three microphones on the stores at
various locations., We found in general that the
measured captive flight acoustic environment as
compared to the shaped one, the one before we
enveloped it, had the same basic frequency con-
tent and relative amplitudes. However, our
acoustic spectrum was generally less than the
measured captive flight vibration acoustic spec~
trum, This was because these microphones were
mainly put at locations where we might have
shock or other phenomene at separation points.

Mr, Kertesz: 1s the acoustic spectrum that
you specified controlled in the chamber on the
surface of the vehicle or at some microphone
scme distance away?

Mr, Burkhard: As the last two slides in-
dicate, we define the acoustic environment by
means of three microphones in each plane which
are near the surface of the store. You are
actually controlling then at each one of these
three locations. You have to shape your re-
quired levels and spectrum around the atore by
means of those three locations,

Mr. Calkins(Naval Missile Center): What
were your arguments for your upper boundary on
the frequency? Why did you stop your roll-off
at 2000 Hz?

Mr, Burkhard: We have not seen any real
damage, equipment failures or structural fail-
ures, caused by frequencies above 2000 Hz, We
don't say you have to cut your acoustic apectrum
off at that point, It could go higher. We
just say you have to control it to that point,
We don't care what it is above that.

Mr. Calkins: What was your chamber?

Mr. Burkhard: It was a reverberation cham~
ber.

Mr. Calkins: Did you do any investigation
with progressive wave?

Mr., Burkhard: No, we were trying to make
the test simple, We have the idea you could
use, for example, a jet engine noise field with
reverberent panels around it as your test facil-
ty. If you want to test live munitions, you
wouldn't want to put these into an expensive
chamber. They might explode.

Mr. Calkins: Do you contend that the best
simulation for captive flight is to use a re-
verberation field? 1s it more fdeal than a pro-
gressive wave or is economy the major factor?

Mr. Burkhard: We did not investigate the
progressive wave. I have no basis for a com-
parison.
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AIRCRAFT EQUIPMENT RANDOM VIBRATION TEST CRITERIA
BASED ON VIBRATIONS INDUCED BY TURBULENT AIRFLOW
ACROSS AIRCRAFT EXTERNAL SURFACES
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% The paper describes the development of random vibration test criteria for
- aircraft equipment whose prime source of vibration is turbulent airflow at
- the surface of the aircraft. Associated criteria for equipment vibration
: caused by jet engine noise or operation of aircraft guns can be found in

g

references 15 and 16, respectively. The paper shows that the random vibra-
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tion levels, as derived from the study of 4 jet aircraft, are generally
less severe than existing applicable sinusoidal tests.
are adaptable to a particular aircraft/equipment location and are based
on the aircraft's aerodynamic pressure (q) and its surface geometry. The
criteria contain both functional and fatigue test procedures.
stresses the importance of functional testing to alleviate operational
The fatigue test levels are adaptable from the standpoint
that the level is based on the number of flights the equipment will be
operational as well as the total qualification test time.

The test levels

The paper

INTRODUCTION

Vibrations within jet aircraft are
caused by a number of phenomena. The princi-
pal sources, generally, are: jet engine noise
and turbulent airflow (pseudo-noise) which im-
pinge on aircraft external surfaces; gust,
landing, and takeoff loads; and on-board me-
chanical equipment such as engines and pumps.
This paper describes the structural vibrations
induced by turbulent airflow and generalizes
the findings to develop pertinent, adaptable
random vibration test criteria for aircraft
equipment. These criteria are those recently
proposed for inclusion in Method 514 of
MIL-STD-810C, "Environmental Test Methods.”

The results of the study are based on
statistically significant quantities of mea-
sured flight vibration data from four distinct
jet aircraft. Two of the aircraft used are
fighter-bomber types and two are cargo .ypes.
Both fighter-bomber vehicles have engines
which exhaust at or near the extreme aft fuse-
lage such that most of the flight data mea-
sured could be considered as produced by tur-
bulent surface airflow rather than from the
Jet engine noise. On the other hand, the car-
go aircraft have wing mounted engines such
that only the forward quarter fuselage data
was considered applicable.

RELATIONSHIP BETWEEN VIBRATION & TURBULENT
SURFACE AIRFLOW

127

The turbulent airflow impinging on an air-
craft surface during high speed flight has suf-
ficient oscillatory energy to cause significant
vibrations in the surface structure [13. This
phenomena has caused extensive fatigue cracks
in many military flight vehicles [23. These
surface vibrations are directly transferred,
then, through the vehicle's internal structure
and into the vehicle's equipment. Thus, the
equipment vibration environment s a direct
function of the surface airflow and the struc-
ture's dynamic transmissibiiity.

The characteristics of this turbulent air-
flow have been well established [3, 4, 5, 6].
Generally, it has a randomly oscillating ampli-
tude and exhibits a freguency spectrum that
varies continuously over a broad range. 1Its
rms amplitude has been shown to be a function
of the aircraft’s aerodynamic pressure (q),
Mach number (Mn), and local surface geometry.
Generally, its magnitude increases with in-
creasing G in a more or less linear fashion.
Perturbations to this 1inear relationship occur
at certain Mach numbers and are generally
caused by local "shocks". These often occur in
the transonic range (0.8 to 1.0 Mn) as well as
at certain supersonic speeds. The flow over
vehicle surfaces with irregular geometry is
generally 15 to 25 decibels (5 to 20 times)
more turbulent than flow over smooth surfaces.
Such frregularities commonly found on aircraft
are speed brakes, blade antennas, reentrant
surface angles, engine boundary layer control
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devices, open weapons bays, gun muzzles, and
air conditioning exhaust ports.

Thus, we can expect equipment located in
compartments adjacent to and immediately aft of
surface irregularities to experience vibrations
significantly higher than equipment in compart-
ments adjacent to smooth external surfaces.
Furthermore, since the aerodynamic source is
random, the vibratory response 1s random [7].
The frequency characteristics of the input to
the equipment {s affected by the filtering
{transmissibility) characteristics of the inter-
mediate structure.

Over a broad range of flight vehicles,
these structural filtering characteristics are
reasonably similar. For example, most aircraft
surfaces are principally monocoque consisting
of 1ight gage sheets riveted to stringers,
frames, and longerons. Characteristically,
these sheet metal surfaces, upon which the
oscillating air directly impinges, have a
sequence of natural vibration frequencies whose
fundamental frequency is between 200 and 400
cps. While they vibrate at all of the forcing
frequencies, they greatly ampiify the vibrations
at their natural frequencies. These freguen-
cies, then, coupled with any significant reso-
nances of the internal structure, are the domi-
nant points on the frequency spectrum perceived
by the aircraft's equipment. Figure 1 shows a
typical spectrum of the structural vibration
measured near an equipment mount.

DEVELOPMENT OF FUNCTIONAL TEST LEVELS

In the past two decades, and perhaps since
the genesis of test specs, there has been con-
siderable criticism that vibration test speci-
fications are not realistic. The bulk of the
criticism from industry, and recently from DOD
equipment project officers, has been that test
levels are too high. This criticism is espe-
cially intense when it has been discovered that

an equipment item cannot pass its vibration test.

Environmental engineers have great diffi-
culty in justifying the existing specifications,
especially when they know that the environment
is random while the test is sinusoidal, and
when they know that the environmental levels
vary appreciably from aircraft to afrcraft and
from point to point in the same aircraft while
the existing specifications are relatively
rigid. 1t is little wonder that reduction.or
corplete waiving of test requirements has oe-
come more the rule rather than the exception
in the last several years.

It follows that adaptable, random vibra-
tion tests are needed. Yet, since it is the
usual custom that the equipment project engi-
neer, rather than an environmental engineer,
establishes the environmental test requirements
for his equipment, any new adaptabie test
should be as easy to understand and apply as
practicable. Thus, it 1s necessary to investf-
gate the many parameters upon which test levels

are dependent with a view toward simplifying
the final criteria.

As discussed in the previous section, the
aircraft equipment's environment is heavily de-
pendent upon the characteristics of the turbu-
Tent flow at the vehicle's adjacent surfaces
and the local structural dynamic transmissibi-
1ity. As for this dynamic transmissibility, it
is usually very difficult or impossible to de-
termine. Perhaps the only practical approach
is to statistically analyze measured flight
vibration data from several flight vehicles and
relate these, respectively, to the character-
istics of the turbulent airflow at the vehicle
surface adjacent to the vibration pickups, thus
determining an average structural transfer func-
tion. Again, this is based on the assumption
that most vehicles have similar construction.

Ay for the external flow, it can generally
be parameterized in terms of the vehicle’s sur-
face geometry, aerodynamic pressure (q), ard
Mach number (Mn). As pointed out earlier, the
vehicle's surface geometry causes a significant
difference in the magnitude of the external flow
turbulence for a given q. Thus, a practical
approach in analysis is to break out the mea-
sured vibration data into varfous aircraft
zones. These are characterized as zones adja-
cent to irregular surface geometry and zones
adjacent to smooth surface geometry [6].

To include Mach number as a prediction
parameter would also add a large degree of com-
plication. Mach number effects are highiy de-
pendent upon locel surface geometry end thus
require too detailed a knowledge of the partic-
ular afrcraft structure to be practical for use
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Fig. 1 Typical aircraft structural
vibration spectrum measured near an
equipaznt mount.
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in such a document as MIL-STD-810.

Although Mach effects can occur at super-
sonic speeds, many occur at transonic speeds
(0.8 to 0.95 Mn) at surface frregularities.

The usual effect is a relatively abrupt in-
crease in the magnitude of the local turbulence
as the critical speed is approached, followed
by & relative reduction in magnitude as this

speed is exceeded. This phenomena {s shown in
Figure 2.

range. Furthermore, this linearity assumption
is consistent with the relationship between
vibration level and q 1n zones of smooth
geometry.

Thus, the approach taken in this study was
to assume that aircraft vibration levels are
proportional to aerodynamic pressure (q), both
in zones of smooth and irregular surface geo-
metry, with the constant of proportionality, k,
derived on the basis of a 1ine that forms the
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g é G = overall rms vib level
3 3 ky = prxoportionality constant
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MACH NUMBER

Fig. 2 Comparison of turbulent pressure and corresponding aircraft structural
vibration as a function of Mach number (constant altitude).

Note in this figure that the turbulence
level as well as the proximate vibration level
tend gererally to increase with increasing Mach
number (and q), notwithstanding the perturba-
tion at the critical Mach number. This sug-
gests an approach which relates the vibration
level directly as a linear function of q
(6 = kq) with the use of the vibration level
at the critical Mach number to evaluate the co-
efficient k. Such a curve is also shown in
Figure 2. This approach {s described in more
detail in references 8 and 9.

Admittedly, this relationship provides a
conservative estimate of the vibration level at
other Mach numbers., However, a significant
percentage of the flight time of most vehicles
{s spent in this transonic range, and test
Tevels are often based on measurements in this

upper tangent to the G vs g curve. As far as
practicable, each vehicle used in the study
was divided into zones of smooth and irregular
surface geometry. When possible, the measure-
ments in each zone were statistically analyzed
(mean value, standard deviation o) and the
vibration level was established on the basis
that 95% of the data in each zone was covered
(mean value +1.60). The detafls of this pro-
cess are shown in the next section.

ANALYSIS OF AIRCRAFT A

Afrcraft A is a fighter-bomber type with
extensive surface irregularities. The vibra-
tion data was separated int~ rones adjacent to
smooth surfaces and zones a_. *0 {rregula
surfaces. Although only small ame-.... of Jeta
were available from wing, stabilizer, a af¢
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fuselage (aft of wing trailing edge) zones,
these zones were put in the irregular surface
category. This step is considered reasonable
because of high turbulences caused by external
pylons and stores. Furthermore, equipment
within wings and stabilizers are much closer to
the source of vibration (i.e., less structural
attenuation),

Figure 3 shows how “he overall vibration
levels vary with aerodyhamic pressure. The
curve representing ecch accelerometer is nor-
malized based on its vibration level at 0.9 Mn.
The curves shown were taken from flights at
altitudes of 2000 feet and 30,000 feet. Note
that a linear relationship between vibration
level and q is not totally unrealistic.

the appropriate one-third octave bandwidth.
Following this operation, all levels were in-
creased by 4.5 decibels to insure enveloping
the narrow band peaks [10]. This 4.5 decibel
factor was determined by comparison of one-
third octave band and narrow band plots of the

same data. Figure 4 shows the results for both
zones.

ANALYSIS OF AIRCRAFY B

Aircraft B is also a fighter-bomber. The
analysis used was the same as used with Air-
craft A. Unfortunately, no data was available
to show the relationship between vibration
Tevel and q. However, vibration levels mea-
sured during tekeoff and landing were available

1.0
a 0.8
4
-4
a
% 0.6
f
>
[
3 0.4
2
ég
0.2
0,0 2 _p 2 2
0 300 900 1200 1500

ABRODYNAMIC PRESSURE ~ PSF
Fig., 3 Comparison of aircxaft overall vibration level vs aexodynamic pres-
sure, Data is taken from five accelerometers during f11ght at altitudes of

2000 feet and 30,000

To develop a test level, vibration data
were used for flfght conditions in the tran-
sonic range, One-third octave band frequency
spectra werc used to compute the mean level and
standard deviation for each zone. These one-
third octave band levels were then converted to
power spectral density levels vy s?uaring the
one-third octave Gyms levels and dividing by

feet, Vibration lcvels from each a
noxmalized based on their levels at 0.9 Mach number,

titude have been

and are shown in Figure 5 along with the mean
vibration levels and other parameters for tran-
sonic flight. Note how the takeoff and landing
vibratfons greatly exceed the flight vibration
Tevels below 200 cps. This suggests that take-
off and landing should be considered in the
development of the vibration test criteria.
This subject is addressed further in the
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Comparison of All Data section.
ANALYSIS OF AIRCRAFT C

. Aircraft C is a four engine (wing mounted)
Jjet cargo aitrcraft, Only data in the fuselage
forward of the engines was used in the analysis
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F1g. 4 Comparison of mzasured ajixcraft
vibrations with qualification test levels
fox Aircraft A flying at 2000 feet and
0,9 Mach number (q = 1120 psf),

131

so as to eliminate the effects induced by jet
engine noise. The data available for analysis
was presented in terms of g2/cps based on a
cps filter bandwidth analysis. Insufficient
data was available to show the relationship
between vibration level and q. Figure 6 shows
the measured vibration levels and othar para-
meters for q = 280 psf as well as during ground
operations. In this case, the 95% qualffica-
tion test level was obtained by constructing a
1ine approximately 2 to 3 decibels below the
maximum measured Tevels shown. This 2 to 3
decibel factor was derived from comparison of

maximum levels and the 95% level from Afrcraft
A and B,

ANALYSIS OF AIRCRAFT O

Afrcraft D is also a large four engine
(wing mounted) jet aircraft. Again, only fuse-
lage vibration data measured forward of the
engines wus used in the analysis.

Although a large number of accelerometers
was used in this section of the fuselage, the
available data was not sufficiently described
so that mean zone levels and standard deviations
could be computed. Rather, the avaflable data
was based on octave band filter analysis and
only the upper 60% (two tail) confidence 1imits
were shown. In an attempt to get at least ball-
park results, these confidence 1imits were
raised by a factor of 10 decibels and were used
in that form as an estimate of the 955 data
coverage curve. These are shown in Figure 7.
The 10 decibel factor is the sum of a 7 decibel
increase to insure enveloping the narrow band
peaks [10, 5 (Page 25)] and a 3 decibel in-
crease shich the authors of reference 5 sug-
gests will cover "most of the data“ in the mid-
frequency range (300 to 600 cps).

COMPARISCN OF ALL DATA

Let us consider that a representative test
curve can take the form shown in Figure 8.
Then, Figure 9 shows the W, test levels of
Figures 4, 5, 6, and 7 plogted vs aerodynamic
pressure. It can be seen that the relationship

W, = 2.7 x 1078 x q2 g2%/cps (n

approximates the data for zones adjacent to
smooth surfaces, and that the relationship

Wo = 14 x 1078 x g2 g2/cps (2)

approximates the data for zones adjacent to
irregular surfaces.

With regard to the test level W; shown in
Figure 8, 1t fs sometimes more difficult to re-
Tate it to q. Vibrations in the low frequency
range depend on the excitation of the bending
and torsion modes of the vehicle's fuselage,
wings, and empennage. While the higher fre-
quency vibrations are almost totally dependent
upon local surface flow ond are thus highly
repeatable from flight to flight {6, Page 973,
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the lower frequency amplitudes are more depen-
dent on transient exciting forces such as wind
gusts, touchdown, and runway roughness, and are
thus much less repeatable from flight to flight.
Furthermore, the highest levels measured do not
occur every mission, and perhaps occur only a
few times over the life of the aircraft.

Since insufficient data is availsble to
statistically characterize the vibration levels
in this low frequency range, it was decided to
use 2 test level that is based on sinusoidal
test levels of approximately ¥ 16 to ¥ 2G which
are commonly used in this frequency range (ref-
erence MIL-STD-810). Using a process similar
to that described in a later section (compari-
son of Random and Sinusoidal Vibration Testing)
for random/sine equivalence, the following test
Tevel was derived.

W; = 0.04 g%/cps (3)

As can be observed frem Figures 4, 5, 6, and 7,
this level is generally higher than flight mea-
sured data, but lower than some data measured
during ground operations.

DEFINITION OF FUNCTIONAL TEST LEVELS

On this basis, the equipment functional
qualification test levels shown in the Appendix
were formulated. It is recommended that these
functional test levels be computed using the
maximum aircraft q. Such a practice will en-
sure that the equipment will function properly
throughout the coperating range of the flight
vehicle.

Note that, unlike most conventional test
specifications, the criteria in the Appendix
contain both functional and fatigue tests. A
separate functional test is deemed necessary so
that the performance of an equipment ftem in
the operationai environment can be evaluated.

Many instances of operaticnal mal-

i .

-
s Takeoff
Flight

function have been reported as caused
by improper {or lacking) functional
checks during laboratory vibration
qualification {8, 11].
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FATIGUE TEST LEVELS

tieny operational equipment fail-
ures have a1s0 occurred because of
1 material fatigue [11]. In developiny
qualification tests, it is a common
practice to raise the test levels
above the operationdl levels so that
the test can simulate, in a relutively
short time, the entire service life of
the equipment.

In order to “efine an equivalent
elevated fatigue test level, an equa-
tion of the form {12, 13]

6¢ = Go(Tg/Te)e (@)

soe’

3 is often used, where G¢ is the mms
fatique test level, Gy is the rms
operational level, Ty is the upera-
tional time svent at vibration level
Gy, Te is the test time spent at level
Gs» aﬁd a is a constant representing
tge sTope of the curvalinear relation-
ship between applied oscillatory
stress and respective time (stress
reversals) to fatique failure of a
given material. Although the reported
values of a range considerably, values
. of 0.1 to 0.15 are often used for
random vibration. In this case, the
value of 0.125 {s used because it
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Fig. 5. Comparxison of mzasured aircial*

nuaber and 5,000 feet altitude (q = 1000)

1000

vibrations
with qualification test levels for Aircraft 3 during
ground operxations and while in flight at 0.9 Mach

appears to be a reasonable average.
Thus, in terms of acceleration power
spectral density (g2/cps), we have,
using equations of the ferms (1) and
{2) as an operationol level and equa-
tion (4),

W = (W) (To/Tg)i/% g2/egs (5)
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where Ws is the fatigue test level.
- when equation (4) is converted from terms of
rms to terms of psd, the exponent becomes 2 a
(i.e., 2x0.125 = 1/4).

Note that,

Analysis of the mission profiles of sever-
al aircraft, including those in this study,

Te e "a x .

vehicles that obtain maximum q in the guper-
sonic regime. They spend only a very fmall
fraction of their time at maximum q, however,
bacause of such factors as fuel economy and
weapon delivery speed }imitations. Their
normal maximum q is usually about 1200 psf at
which they usually spend a fatigue equivalent

shows that the flight vime spent at maximum or

of 20 minutes per flight.

near maximum q is approaimately 20 minutes per

flight. The exceptions to this are supersonic Thus, if we let N equal the total number
N ORI ' ' 8 GROUND OPERATION
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of missfons a vehicle (or equipment) will fly
over its 1ifetime, then

T, = N/3 hours (6)
and equatfon (5) becomes
We = (W) (N/3T)2/% (7)

where T is ihe fatigue test time in hours and
W, is restricted by not allowing g to be
larger than 1200 psf.

tnuation (7) forms the basis for the
fatigue (endurance) qualification tests shown
in the Appendix, These fatigue tests are
unique compared to most specifications since
the test time is allowed to be variable and is
Teft to the testing laboratory to decide., Per-
mission to extend test time and thereby lower
the fatigue test level is very practical in
situations involving very heavy loads (relatfve
to the shaker capacity) and in situations where
high test levels may cause interference of
equipment components (abrasion) which would
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fig. 7 Compaxison of measured vibrae
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normally not occur at operational (functional)
vibration levels.

GENERAL PURPOSE EQUIPMENT

In many instances, an equipment item, such
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Fig. 8 Random vibration qualification
test curve with undefined amplitude.
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as a communication or navigation unit, is de-
veloped for use in a number of different air-
craft types such that the project officer may
not know all of its potential vehicle applica-
tions. In this case, the test criteria in the
Appendix suggest a test suitable for a high
performance fighter-bomber capable of flight at
q = 1200 psf. Based on the assumption that
these units may be placed in a compartment
adjacent to an irregular surface, the test
Tevels are

W, = 0.20 g%/cps  (8)
We = (0.20)(1300/T)Y/%  g2/cps
JUNK TESTS

In addition to the vibration and shock
environments produced by aircraft, an equipment
is also exposed to many dynamic environments
produced by handling., As examples, consider
removal and installation environments, acciden-
tal drops during transfer, and riding without
its packing crate in the back of a jeep or
field truck.

Equipment that could not survive this kind
of environment has been labeled as junk. Of
course, it is very difficult to determine exact
amplitude and frequency statistics of this en-
vironment. However, our forebearers faced this
probiem by instituting a relatively simple
sinusoidal test which is contained in a number
of procedures in Method 514 of MIL-5TD-810. In
essence, the vibration level in this procedure
{s contained by the 0.10 inch double amplitude
and *2G curves and provides four ten-minute
resonances and sweep on each of three mutu-
ally perpendicular axes, The test s in a
“hard mounted" configuration and is agglied to
equipment that is isolated when installed in
the aircraft. It was assumed that unisolated
equipment would experience the standard 110G
test and, therefore, did not require this
"extra" 12G test.

In the test criteria in the Appendix, the
$2G test is also recommended for aircraft iso-
lated equipment. To account for junk testing
of equipment that are not aircraft isolated,
however, a random junk test was developed.
This {s manifested by requiring a minimum
fatigue (enduraace) test level of 0.04 g2/cps.
Although the criteria in the Appendix states
that this miniaum Tevel be applied to all
equipment, it s relatively benign for isolated
equipment,

This ".vel was derived by equating the
fatigue 11°e expected when an equipment is ex-
posed to a .'n-minute, 12G (or 0.10" DA) reso-
nant environme°t and 4. fatigue 1ife expected
when exposed to a random level for one hour
[13, 143. This approach 1s explained {n more
detail in the next section.

COMPARISON OF RANDOM AND SINUSOIDAL VIBRATION
TESTING

There are many who criticize random vibra-
tion tests as being much more severe than stan-
dard sine tests. Many people add up the total
energy under the random curve (from 20 cps to
2000 cps) and exclaim that it is much greater
than t10G peak commonly found in sine tests.
Yet the scientists tell us that it is not the
total energy but only the energy near the reso-
nance bandwidths that do the damage [13, 14].

On this scientific basis, let us compare
the fatigue damage potential of the random tests
herein and the standard *10G peak test. Refer-
ences 12, 13, and 14 show us that the "fatigue
equivalent" sinusoid G¢ to the random power
spectral density W¢ is

Ge = A I";owf )
Q 9

where A is an ampli-
fication factor relating the sinusoidal and ran-
dom fatigue (S-N) failure curves for a given
material, fo, is the resonance frequency, and Q
is the amplification factor of the resonance.

1f we can consider that the ratio f,/Q =
10 in the 300 to 1000 cps frequency range and
that A = 2 for a test time of 1/2 to one hour
[14], then equation (9) becomes

Gr ¥ 8 [Wr (10)

Applying equatign (10) to a fatigue test
level of We = 0.10 g°/cps, which is a typical
level found in quiet aircraft zones, we find
that the equivalent sinusoidal test level is
only G¢ ¥ 12,56, In fact, it takes a Jevel of

7 1.6 g2/cps to be equivalent to a 1106
sinusoid. It is thus obvious that the test
levels proposed in the Appendix are much less
severe than most widely used sine tests.

Unfortunately, it ts very difficult or
impossible to draw "functional equivalences”
between sine and random vibration. It is the
author's judgment, however, that the random
test is much more thorough. It has been ob-
served that operational malfunctions were re-
produced with random vibration which could not
be reproduced by sine testing [8]. Sine test-
ing 1s limited by the fact that only 4 (or a
comparably small number) resonance dwells are
run per axis while even the less complex equip-
ments have many more resonances. While it is
true that the associated sine sweeps do excite
mnst of these other resonances, one must con-
sider the short time period spent in any one
resonance bandwidth and the fact that many of
these resonances aren't excited lrng enough to
peak out [12]. In contrast, the random test
excites every resonance for the duration of the
test.

It appears, then, that the random test
proposed is a less severe but more thorough
test.
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SUMMARY

The paper describes the development of
random vibration test criteria for aircraft
equipment whose prime source of vibration is
turbulent airfiow at the surface of the air-
craft. Associated criteria for equipment
vibration caused by jet engine noise or opera-
tion of afrcraft guns can be found in refer-
ences 15 and 16, respectively.

The paper shows that the random vibration
levels, as derived from the study of 4 jet air-
craft, are generally less severe than existing
applicable sinusofdal tests. The test levels
are adaptable to a particular aircraft/equip-
ment location and are based on the aircraft's
aerodynamic pressure (q) and its surface
geometry.

The criteria contain both functional and
fatigue test procedures. The paper stresses
the importance of fuactional testing to alle-
viate operational malfunction. The fatigue
test levels are adaptable from the standpoint
that the level is based on the number of
flights the equipment will be operational as
well as the total qualification test time.
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APPENDIX

PROPOSED TEST CRITERIA FOR METHOD 514
OF MIL-STD-810%

4.6,3 Procedure IA - Random vibration test
for equipment installed in jet airplanes.

(Not for turbo prop aircraft or jet powered
helicopters.) The random vibration environ-
ment which occurs at equipment locations in
Jet aircraft stems from four principal scurces:

a. Turbulent aerodynamic air flow
along external surfaces of the aircraft
structure.

b. Jet engine noise impinging on aire
craft structure,

¢. Gun blast pressure impinging on air-
craft structure from high speed repetitive
firing of instailed guns,

d. General aircraft motions caused by
suc2 factors as runway roughness, landing, and
gusts.

The tests outlined in the procedure consider
211 of these environments and require design
to the most severe of these. These tests are
preferred for use with equipment in jet air-
craft in leu of the sinusoidal tests of Proe
cedure I, Table 514-11, Figure 514-2, except
for jet engine mounted equipment. For equip-
ment mounted directly to aircraft jet ergines,
use Procedure I. To determine an equipment
specific random vibration test, compute func-
tional and endurance test levels for aero-
dynamic induced and for jet engine induced
vibration from Table 514-~1IA and Figure 514-2A.
Use the more severe of the two functional
levels as the equipment's functional test, and
the more severe of the two endurance levels
(on an equal time, T, basis) for the equip-
ment's endurance test, Gun blast tests shall
be conducted in addition to this procedure, as
applicable, in Method 519, 1f they are a higher
level of severity.

4.6.3.1 Performance of Test., The individual
equipment test item shall be subjected to
broadband random vibratfon excitation. The
power spectral density tolerances of applied
vibratfon shall be according to para. 4,5.2,
The test item shall be attached to the vibra-
tfon exciter according to para. 4.2. Equipment
hard mounted in service shall be hard mounted
to the test fixture, Equipment isolated in
service shall use service isolators when mount-
ed on the test fixture. If service isolators
cannot be made available during the qualifica-
tion test, isolators shall be provided with
characteristics such that the isolator/equip-
ment resonant frequencies shall be between

20 hz and 45 hz with resonant amplification
ratfo between 3 and 5. Vibration shall be
applied sequentially along each of the thrse
orthogona) axes of the test item. Two test

Tevels are required, a functional level and an
endurance level, For each axis, one half of
the functional test shall be conducted first,
then the endurance test, followed by the
second half of the functional test. The equip-
ment shall perform according to the e?uipment
specification operating requirements (ref.
General Requirements, para. 3.2) during the
functional testing. The acceleration power
spectral density ?Gzlﬂz) of applied vibration,
as measured on the test fixture at mounting
points of the test {item, shall be according to
Table 514-1IA and Figure 514-2A. The func-
tional and endurance test time durations and
other test conditions shall be determined from
the test level equations and other parameter
values from Table 514-1IA.

4,6.3.2 Equipment with Isolators. Equipment
designed for operational installation on vibra-
tion §solators shall also be subjected to a
minimum rigidity endurance test with the {so-
lators removed. This test shall be conducted
according to para. 4.6.2, Table 514-11, and
Curve AR of Figure 514-2, At the conclusion
of this test the equipment shall provide speci-
fied performance. (Ref. General Requirements,
para. 3.2.)

*Proposal also contains criterfa for vibrations
caused by jet engine noise.
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TABLE 514-11A

Random Vibration Test Criteria for Jet Aircraft Equipment

Criteria

Aerodynamic induced vibration (Curve A, Figure 514-2A)
Functional test level 15,6 Wo = K(ql)2
Endurance test level 2:3,5,6 Wo

K(gp)? (H/aT)2/
Jet Engine noise induced vibration (Curve A, Figure 514-2A)

Functional test level 154:5:6:7,8 4o = (0.48 cos20/R)[D,(V./1850)>+D¢(V¢/1850)%]
Endurance test level 2:3:4,5,6,7,8 o = (0.48 cosZe/R)[D,(V,/1850)3+D¢(V¢/1850)31(N/10T)L/*
Gunblast induced vibration (See Method 519)

Definitions

K = 2.7 x 10~8 for cockpit panel equipment and equipment attached to structure in compartments
adjacent to external surfaces that are smooth, free from discontinuities.

K =14 x 1078 for equipment attached to structure in compartments adjacent to or immediately aft
of external surfaces having discontinuities (cavities, chins, blade antennas, speed brakes,

etc.) and equipments in wings, pylons, stabilizers, and fuselage aft of trailing edge wing
root.

q, = maximum aerodynamic pressure for carrying aircrart, psf.

q, = 1200 psf or maximum aircraft q, whichever is less.

N = maximum number of anticipated service missions for equipment or carrying aircraft. (N23)

T = test time per axis, hours (T21)

D, = engine core exhaust diameter, feet (for engines without fans, use maximum exhaust diameter).

D¢ = engine fan exhaust diameter, feet

R = minimum distance between center of engine aft exhaust plane and the center of gravity of
installed equipment, feet.

Ve = engine core exhaust velocity, feet per sec. (for engines without fans, use maximum exhaust
velocity without afterburner).

V¢ = engine fan exhaust velocity, feet per sec.

6 <= angle between R line and engine exhaust axis (aft vectored), degrees.

Notes

. Functional test_time shall be 1 hour per axis.

Use Wo = 0.04 g“/hz if calculated endurance test level values are less than 0.04 92/hz, T
. If one hour (T = 1) endurance test level is £ functional test level, no endurance test is
required except according to Note 2.

]

2

3

4. If aircraft has more than one engine, Wo shall be the sum of the individually computed values
5

6

7

8

=1

for each engine.
. If aircraft equipment location and/or using a1¥§57£t is unknown, use functional level, Wo = 0.24
S, t‘e vibration test level may be reduced according
to Curve B, Figure 514-2A,

. For 70°5 6 < 180°, use 8 = 70° to compute Wo
. For engines with afterburner, use Wo wh
and V¢ without afterburner.

2mzmdmmeemu1m=(mm)xgwo
or equipment weighing more than 80 poun

Wo.
ich is 4 times larger than Wo computed using maximum V.
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DISCUSSION

Mr. Volin (Shock and Vibration Information
Center): What do you consider to be s realistic
percentage of aircraft life to use in design of
equipment?

Mr, Dreher: What do you mean by realistic?

Mr, Volin: The percentage of the number of
hours in the life of an aircraft,

Mr. Dreher: Well we kind of hedge that
question and leave it up to the project engineer.
I am the sort of & person who likes to see the
equipment last for the life of the vehicle,
like the radfo in your automobile.

Mr, Volin: In short, you would like to see
the radio outlast the sirplane.

Mr. Dreher: Why don't we make it three or
four lifetimes., We could use it in three or
four airplanes.

139

Mr, Gertel (Kinetic Systems): Is there

any variation of the test specification
requirements made for different ievels of
equipment installation? 1In other words, are
there any differences for components and
sub-equipments within larger systems?

Mr, Dreher: No. These particular levels
are for the black box type of assembled unit.
It's not for an electronic unit that is part
of a black box.

Mr. Gertel: 1Is any consideration being
given to developing criteria for sub-structures
or sub-components?

Mr, Dreher: Not right now, at least not
by our organization. Rome Air Development
Center does this kind of work., Perhaps they
have some data.
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AIRCRAFT LCQUIPMENT RANDOM VIBRATION

TEST CRITERIA B73"D ON VIBRATION INDUCED
BY JET & FAN ENGINE EXHAUST NOISE

J. H, Wafford
Aeronautical Systems Division
Wright-Patterson Air Force Base, Ohio

and

J. F. Dreher
Air Force Flight Dynamics Laboratory
Wright-Patterson Air Force Base, Ohio

engine noise.

environment.

This paper shows the development of a random vibration test cri-
teria for aircraft equipment based on vibrations induced by jet
This criteria is to be used in conjunction with
the criteria based on turbulent airflow currently proposed for
inclusion into MIL-STD-810, "Environmenial Test Method", and pre-
sented in another SVIC paper by Dr. J. F. Dreher.
are developed in a unique formulation using existing prediction
techniques for both noise and vibrations and are compared with
measured data from a number of current engines and aircraft. The
proposed criteria are a departure from the present rigidly estab-
lished test curves and methods of military specifications and
standards and allow the engineer to adjust or adapt the levels and
durations depending on the equipment location relative to the
acoustic source and the intensity and duration of exposure to the

These criteria

INTRODUCTION

Modern aircraft propulsion units are
intense random noise generators, This random
noise emanates from the complex turbulent
pressure fields generated by the jet and fan
engine exhaust. When the noise from this tur-
bulent pressure field impinges on the aircraft
structure, it induces structural vibrations
which are transmitted to equipment locations
within the airframe. This paper describzs the
prediction of random vibration levels induced
at equipment locations by jet and fan engine
exhaust noise.

This work is a follow on to that of
the previous paper [1] by J. F. Dreher on vi-
brations induced by turbulent airfiow and
should be used in conjunction with that work
to establish pertinent criteria for random vi-
bration test of aircraft equipment. Both cri-
teria have been recently proposed for inclu-
sion into MIL-STD-810C, "Environmental Test
Methods®.

The philsophical approach taken was
that any criteria or engineering method that
is to be usable by the environmental test

engine2r or a specific equipment project engi-
neer must be relatively simple and easy to
apply. Therefore, in order to achieve this and
present a somewhat conservative criteria, a
number of approximations were made.

) With these factors in mind, the test
criteria shown in the Appendix of Reference 1
contained in this bulletin were formulated.
The development of these criteria s accom-
plished in three major steps, namely

1. Prediction of surface noise levels,

2. Relationship between surface noise
and internal vibration.

3. Formulation of the test criteria.

PREDICTION OF SURFACE NOISE LEVELS

The first step in the development of
the random test levels is the prediction of the
Jet or fan engine near field noise levels on
the surface of the afrcraft. As a base, the
Jet noise prediction technique developed by
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Franken et al, and outlined in Reference 2 is

used. The near field overall sound contours of

Figure 1 are from Figure 16 of Reference 2 and
are based on the J-57 engine data collected by
Walton Howes [3].

A relatively simple mathematical ex-
pression was determined that approximates the
contours of Figure 1. In its formulation, ac-
curacy of the overall sound pressure levels
above 145 dP was of prime concern, since nofse-
vibration correlations show rather negligible
vibration power spectral densities below this
level, as discussed in the next section [1, 4].
It was found that the following equation gfves
a reasonably close approximation for leyels
higher than 140 dB.

Poa = 1.6(0/R)cos2e (1)

(ft.), R is the distance from the center of the
engine exhaust plane to a given point in space
(ft.) and © s the angle between the engine
thrust axis and the R line. The family of
curves generated by this equation is shown in
Figure 2. The curves in Figqure 2, which are
shown in terms of decibels, are related to the
pressure levels, Py,, in Equation 1 by the
relationship

d8 = 20 10g(Poa/Py)
where P is approximately 2.87 x 10~9%si.

In order to adapt these curves to a
particular installation, engine exhaust velo-
cfty changes, ground reflection and pressure
doubling on the aircraft structure must be con-
sidered [2]. These corrections, in terms of

o decibels, are as follows: it
e 3 where Pya 1s the overall rms oscillating pres- o
ks ; E sure (ps?). D s the engine exhaust dfameter Exhaust Velocity and Ground Reflection: o
P -
r 142 £
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F=65 loglo(V/IBSO)dB (2)

Aircraft Surface Refiection Correction:

+3 dB (3)

The velocity exponent used was 6.5 in
1ieu of the 8 from Equation 10 of Reference 2
based on the recommendation of Hermes and Smith
[5] from their measurement and analysis of the
near field of a J57-21 engine and consideration
of ground reflection. The exhaust velocity of
the engine used to establish the basic contours
was 1850 ft./sec.

Since reflection of acoustically
radiated noise on the surface of an aircraft
causes pressure increases above free field
levels ranging from 0 to 6 dB, 3 dB was chosen

as an average level increase for the reflection
correction value.
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Based on Equations 1, 2, and the re-
flection correction, 3, the overall pressure
level can be approximated by

Poa = 2-26(0/R)(V/1850)3cos2 (4)

The velocity exnonent was changed from 3.25 to

3 {br computational convenience on the slide
rule.

Equation 1 has a shortcoming in that
all contours go to the origin (X/0 = Y/D = 0)
when 8 = 90°, Thsrefbre, for angles greater
than 70°, the cos“@ term was made to remain con-
stant, i.e. 0.12. The accuracy of this action
is verified in the later section on Comparison
of Predicted vs Measured 1avels.

1f we consider afterburner (A/8) oper-
ations {n accordance with Reference 2, an in-
crease on the order of 8 dB will generally
result over the maximum non-A/B operation of an
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éi i engine. However, based on the authors' expert-

. ence with measured data on afrcraft with A/B,
' 6 dB should be added, instead, to Equation 4
; using a V obtafned for the maximum non-A/B
power operation of the engine,

Although the basic method [2] used in
predicting the surface noise is meant primarily
for jet and not fan engines, the method does
quite well when applied to fan engines. How-
ever, when using this equation to predict the
fan engine exhaust noise, the fan and the core
should be considered separately, {.e., velocity
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and diameter of each respectively, and the pres-
sures added at the locatton of {nterest.
fan engines, Equation 4 takes the form

Poa * 2.26c05%0/RID (V,/1850)3+D,(v¢/1850)%] (5)

where V. and V. and D, and D
and diameters &t the Eore an

For

are the velocities
fan, respectively.

If we exclude the surface reflection
correction of +3 dB we have a constant of 1.6
instead of 2,26 in Equation 4 and 5 and can then

B T T e L e

-

b B ks e e 4

T A A S\l R ot e




BT e e e |

g

1

9 -20
b
w -%0r
[+ 4
(1]
(=]
$
g 0053 (Y] 0.2 04 08 16 32
; i)
v
§ FIGURE 4 ~ SPECTRUM OF JET NOISE NEAR FIELD [2}
z 0
-l
W SLOPES
w +4 DB/OCTAVE
w -5 =
[+
%
a -10 Z
z /
=2
Qo
[7)] /
-15 /
-20
37 75 150 300 600 1200
75 150 300 600 1200 2400

FREQUENCY BAND - HZ

FIGURE § -~ SUGGESTED OCTAVE BAND SPECTRUM FOR
FOR NOISE FROM TYPICAL AIRCRAFT ENGINES

145

k.

L




\

ujijn
4

W
B

R Eea\cn

~y

o «

e

v o p

o

PRI P L SR - N Tl F o N TSR

10
75-150 HZ~/
ﬁzlso-soo HZ
I
" // /~35-75Hz
I 7 2 —~
®» 27
' y/4 W4
r 777 7
2 A
w /
3 A
§|6s u__/
3 A=
yi
a 7 7 7
hid yARRY
< v T
g y
g // /77 300-600 HZ
W / /A
5 7/ T e00-1200 uz
0'0 l’ I'
q y v 4
[ 4
e
Vi
= 731200~
2 7
7
Ic /

100 1o 20 130 140 150 160
OCTAVE BAND SOUND PRESSURE LEVEL-DB

FIGURE 6 - RELATIONSHIP BETWEEN EXTERIOR SURFACE NOISE
LEVEL AND CORRESPONDING INTERIOR VIBRATION LEVEL IN AIRCRAFT [7]

make comparison to engine test stand data [61.

Normally, engine dfameters range from
Figure 3 shows a comparison with a fan engine. 12 inches to 24 inches and have exhaust velo-~
The measured data compares rathes well with the cities from 1000 to 2000 feet per second. This,
predicted, therefore, from the octave band spectrum rela-
tion of Figure 4, would put the peak of the
Most vibration-noise prediction cri- spectrum between 300 and 1000 Hz, and the sug-
teria are based on octave band levels, There-

gested spectrum for octave bands would be as
fore, the pressure level in octave bands must shown in Figure 5,
be determined. Figure 4, which is taken from

Figure 19 of Reference 2, shows the octave band NOISE~VIBRATION RELATIONSHIP
spectrum for a jet engine exhaust.

146

e &M&i“gﬁ&%nﬂ.meumur“lmﬂ\ G FTR AL et s o g

NPT

il g b,
s

kY a
ST

d‘:ﬂl"”&‘;‘«?:

il
i

e

e

L.




coe T “; : T
- % . ! / g
s e e P ‘ 5 - - ?
L
TABLE 1 i ’
Octave Band Vibration Pgb feve] Equations 2
3
Frequency Band (Hz) Equation %
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FIGURE 7 - AIRCRAFT VIBRATION SPECTRUM (REF. EQ'K. 7)
PRODUCED BY JET ENGINE NOISE

The second step in the development of From Figure 6, the relationships for
the random vibration test levels {s to find a various cctave bands can be approximatedpby the
simple relationship between noise and vibration following:
lfvelsi Jhe"ghr::;-mg}am[:ds-ﬂ)hz] adapta-

on of the ey~ method provides 35.75 08B ®
an :gequate rel:tiorlvship between octave band cps So = /7 Pop
sound pressure levels and power spectral den- 75- ' 2
sities. These relationships are shown in 8-1200 cps 08's So = 1/3 Pog ()
Figure 6 (adapted from Reference 4). 1200-2400 cps 0B S, = 1/9 Ppg
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where S_ is the psd level in gz/Hz, and Pgp is
the octive band pressure level. These approxi-
mations are accurate at Pqp = 150 dB and con-
servative by not more than 3 dB at Ppg = 130 dB,
B-H [4] recommended that the random vibration
(S,) levels be increased by 7 dB to insure that
PSB peaks are covered. This is consistent with
the results of Earls and Dreher [9].

VIBRATION FUNCTIONAL TEST

Using Equation 4 and the octave band
approximations of Equation 6 in conjunction with
Figure 5, the vibration power spectral density
level equations of Table I are obtained for the
specific frequency band. Figure 7 shows S,
coefficient for the equations of Table I. Add-
ing 7 dB to S, to cover the spectral peaks [4]
the functiona? test level becomes

Wy = 0.95 (D/R)(V/1850)3cos% (7

and the spectrum shape is shown in Figure 8.
This functional test level ic to be appli-d for
one hour through each of 3 mutually perpen-
dicular equipment axes. (See Appendi: of
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Referencze 1 for the vibration test.)

If more than one engine exists that
could effect the equipment vibration environ-
ment, compute a Wy for each source and add the
respective levels to determine tha test level.
Generally, this would be all the engines on the
same side of the aircraft in question. To mini-
mize the decision making requirements for the
equipment project engineer, however, the cri-
teria in the Appendix requires that all engines
be considered in the computations. The Appendix
test levels were thus redvced by 3 dB below
Equation 7.

For simplification when cumputing R,
the radial distance from the center of the
engine exhaust plane to the c.g. of the equip-
ment is used in the test method instead of the
distance to the surface adjacent to the equip-
ment. This is considered reasonable since
Sevy's studies [10] show that vibration levels
tend to reduce with depth within the structure.

FATIGUE TEST LEVELS
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Fquipment 1n generaily designed and
expected to operate over the life of the air-
craft without material failures. However, it is
not practi~al to test for the corresponding long
periods of time in the vibration laboratory.
Generally, to shorten the fatigue or endurance
test time, the test levels are increased above
expected operational levels according to empi-
rical laws relating stress leveis and time to
faiture [1]. Thus, as in Reference 1, the func-
tional level is raised by a factor of the form
(M/T)1/4 and the fatigue level becomes

Wy = Wg = 0,95(cos28/R) (N/10T) M/
o [oc(vc/1eso)%=of(vf/1sso)3] (8)

where T is test time per axis (hours) and N is
the actual number of missicns the equipment is
expected to fly. The factor N/10 -orresponds to
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angine ground operations at maximum power for
one tenth of an hour per flight [11]. The 1/4
exponent is based on the slope of the random
E%gration S=N curve for equipment materials

COMPARISON OF PREDICTED VS MEASURED LEVELS

The functional test levels were com~
pared to extensive measurements in two cargo
aircraft. The ajrcraft were zoned and although
there were a significant number of accelero~
meters in each zone, there was no was to pin-
point the exact location. The zones compared
were selected to include angles (@) greater
than 90° as well as less than 90°,

In Figures 9 and 10, the data from one
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atrcraft are presented in pds's (g2/Hz) based on measured and predicted levels is very reason-

a 5 cps filter band width analysis. The pre- able.

dfcted curves shown are based on a point in the

middle of each zone. It can be seen that the SUMMARY

predicted curve covers most of the data in each

zone, This study combines the results of
existing noise and vibration prediction tech-

Table II shows the relationship be- niques into a unique formulation and provides

tween the measured and predicted levels for the
second afrcraft. Only in Zone A are the levels
significantly off. This zone is in the area of
the cockpit where the measurements were made on
{solated shelves. Thus, the overprediction is
exnected. The lower measured levels in Zone E
are from the aft fuselage and were attenuated
due to the masking effects of a wing flap-~

down condition. Thus, the agreement between
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a relatively simple tool for the equipment pro-
Ject engineer to use in developing a rational
vibration test criteria in the design stages of
new aircraft, The proposed criteria are a de-
parture from the present rigidly established
test curves and methods of military specifica-
tions and standards. They allow the engineer to
adapt the test levels and test durations depend-
ing on the equipment location relative to the
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TABLE II
Comparison of Predicted vs Measured Levels
TEST_LEVEL - GZ/HZ
RATIO
ZONE PREDICTED MEASURED P/M - DB
A .003 .0005 +10
B .0038 .006 -2
¢ .0049 .005 0
D .0143 .007 +3
E 0170 .003 +7

acoustic source and the intensity and duration
of exposure to the environment.
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NOMENCLATURE

[A) M X M cross-coupling compensation
matrix

{B] M X M shaker-system input/output
transfer matrix

(Ci M X 1 array of system responses

{cD] M X 1 array of desired system
responses

{~D.] M X M diagonal array of transfer
elements

D(Z) Digital controller, expressed in Z
transforms

FFT[ ] Indicates Fast Fourier Transform

-1 operation

FFT '[ ] Indicates Inverse Fast Fourier
Transform operation

[G) M X M forward-locp transfer
matrix of multivariable control
system

[~H.] M X M diagonal feedback transfer
matrix of multivariable control
sysiem

[l M X M identity matrix

Im Indicates “imaginary part of*

K1 Integral control gain

M Number of actuators in control
systern

N Number of data values {n FFT
operations

[P} M X M cross-coupling transfer
raatrix of multivariable control
gsystem

{r} M X 1 array of shaker system
command inputs

{r"} M X 1 srray of compensator

tThis work was performed under the auspices of the U,S, Atomic Energy Commission,

THEORETICAL AND PRACTICAL ASPECTS
OF MULTIPLE-ACTUATOR SHAKER CONTROLT

Dennis K, Fisher
Lawrence Livermore Laboratory, University of California
Livermore, California 94550

An investigation into the dynamics of cross-coupled multiple~
actuator shaker systems has led to the formulation of algorithms for
the direct-digital control of swept-frequency sinusoidal, transient,
and random-vibration tests, Digital simulation techniques have been
uged to demonstrate the validity of the algorithms. The inverse of
the system transfer matrix is utilized as the mechanism for cross-
coupling compensation, A direct-digital control system incorporating
the use of the algorithms {s under development,

command inpute

" §’-m PR B

Re Indicates '"real part of"

8 Laplace variable

{stw)} M X 1 array of autospectral
densities

W Frequency, rad/sec

*

Designates sampled variable

INTRODUCTION

Multiple-actuator shakers are often em-
ployed in the shock and vibration testing of
large rigid objects, When resonances are
excited in the test package, substantial inter-
actuator forces can be generated, This inter-
action, referred to as dynamic cross-coupling,
generally leads to deviations from the vibration-
test specification and often to control
instability,

The first multiple-actuator-shaker control
systems combined conventional single-actuator
equipment and special multiple-channel phase
controllers (1, 2, 3]. Cross-coupling was
acknowledged as a problem but was not dealt
with directly, More recently, Helmuth and
Hunter [4] reported on a manually tuned cross-
coupling compensator for swept-frequency
sinusoidal testing, The principal of operation

of the Helmuth-Hunter device has been related oo v

to modern system theory by Wyman [5].
Trubert (8] suggested a random-vibration con-
trol method that involves the use of the inverse
of the system transfer matrix to calculate the
required autospectral density of the input
function, In a further development of this
approach, Trubert (7] used an analog represen- |-
tation of the shaker system to synthesize inputs
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suitable for swept-frequency-sinusoidal, tran- The system in Fig. 2 consists of two closed-
sient, and random-vibration testing. Although loop actuator controllers that have been cross-
shown to be effective, the practical problems coupled by a ''load" comprised of the elements
of inechanizing such an approach were noted. Pjj{s). The response equations for each actuator,
expressed in terms of Laplace transformed
Direct-digital conirol (DDC) is the most variables, are:
recent development in shaker control technology.
In DDC systems, a digital computer is used to
’ close the feedback loop, With but few exceptions,
efforts in this area have been confined to single- Cl(s)
actuator systems {8-15]. Wyman (5] has
described the hardware necessary to implement + P 5(s)D,(s)Ey(8) 1
the Helmuth-Hunter approach to sinusoidal and
: testing for a multiple-actuator DDC system, E,(s) = R,(s) - H (s)C,(s). (2
< Auslander and Kohli [16] used a simulation of a
’ two-actuator shaker system to study different Actuator 2
algorithms for swept-frequency sinusoidal DDC. C,(s) = P, (s)D,(S)E,(s)
Finally, the hardware necessary to implement 2 227 T2
an ideal cross-coupling compensator in a DDC
system has been discussed by Fisher [17].

Actuator 1

P11(S)D1(5)E1(S)

*

+ P,,(s)D,(s)E,(s) (3)

and 21 1 1

This paper presents the results of an Ep(s) = Ry(s) - Hyls)Cyls). @
investigation into the theoretical and practical Equations (1) and (3) may be combined into the
aspects of digitally controlling a multiple- matrix equationt
actuator shaker in the presence of cross-
coupling, The ideal cross-coupling compensa- {c)
tor is shown to be related to the inverse of the
system transfer matrix, Different control
algorithms, constrained by the limitations of
practical hardware and software, are presented c
F for swept-frequency sinusoidal, transient, and {c} = (6)

e d 4
USRI P

« me—————
- OO A1 eyl e bt g i oW

[G] {E}, (5)

where

random-vibration control. The paper is con-
H cluded by a description of the hardware being
- developed to implement DDC of the multiple-
s actuator electrohydraulic shaker system at the P, P '
Lawrence Livermore Laboratory (LLL), (Gl ‘ ) i

. P P 0 D
' : FORMULATION OF THE IDEAL CROSS- 21 22 2
i : COUPLING COMPENSATOR

and
The most concise formulation of an ideal

cross-coupling compensator is obtained with the E
use of modern system theory. A generalized £} =
linear M-actuator cross-~-coupled shaker system
and compensator are depicted in Fig, 1, The
shaker system [B] has M inputs {R} and M
responses {C}. Because of cross-coupling, Similarly, for Eqs. (2) and (4),
each input R{ causes responses at every output .
Cj j=1, 2,..., M. The principal of cross- {(E} = (R} - ~H-] {C}, (9
coupling compensation is to ingert a device [ A}
that will result in decoupled responses between
the compensator inputs {R'} and shaker
response {C}; i, e,, each R causes a response R
at Cj onlx’. The compensator is an open-loop T N | . C .
element; it contains no response-feedback paths, 1 !
Stability of the compensated system is there- R'2 — CROSS- | SHAKER SYSTEM ——C2
fore solely dependent on the stability of the COUPLING Rz AND LOAD
shaker system [B]. In the following para- | COMPENSATOR | “ | (8] .
graphs we will establish the requirement for [A)

. the stability of [B] and then use the resulting RM— e —C

. system formulation to arrive at the character-
~;  istics of the cross-coupling compensator [A],

(8)

Ey

v

where

ISP L L PG ML T M0
e m——— Y

I TP

M

Fig. 1 - Block diagram of multiple-actuator
Shaker System Stability & shaker sygstem with cross-coupling
- The requisite conditions for stability will compensator
be derived first for the linear, time-invariant
4 two-actuator shaker system shown in Fig, 2, —_—
- - The results will then be generalized so as to TFor the sake of simplicity, the notation (s)
apply to an M~actuator system, is dropped at this point.
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Hy(S)

o Ey(S)
R (5) —F—O——=] 0y(5)

Pyy(S) —=C,(5)

ot
| I SRR |
+

CST\TTROLLER 1

l 3}
i |
H
} P12lS)
N { |
! PZ\( S)
! : ' CONTROLLER 2
' £,(5) l ' + =
+ 2 P .
Ry(5) — = O—2—= D,(5) J =l Pyol$) . €y($)
Hy(5)
3 Fig. 2 - Cross-coupled two-actuator shaker system
Ry where [~1I.] is an identity matrix, Since the
{R} = (10) inverse of any nonsingular square matrix [Z] is
R
2 ) .
0 o (z1! - AdilZ] (13)
1 VA
[~H.] = . {11)
i 0 H, Eq. (12) can be written
A The total system response is obtained by sub- {c} = Agj(rI) + [G)PH‘D[G]LR}. (14)
k| ?éi}tuting Eq. (9) into Eq. (5) and solving for =1~} + (G} H~I]
The similarity between Eqs. (5), (9), and (14)
’ -1 and their couxlaterparts in the classical formula-
nISK I~ { (;2 tion of a single-input/single~output control sys-
c [[ N+ (Gl H'U (GHR}. . 2 tem should be noted at this point {18}.
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For {C} to be finite, the determinant in
the denominator of Eq. (14) must be nonzero.
Hence, the characteristic equation for the
system is:

[(~1-] +[GI[~H-]| = 0. (15)
If all the roots of Eq. (15) are located in the
left-half s-plane, the shaker system is stable,

For an array of desired system responses
{CD}, Eq. (12) can be arranged into the form

(®} = (61 " [[i~1-1 + (61 - 1u1]] D). (16)

From Eq. (16) we can see that, given the
conditions of linearity, stability, and known
system dynamic response characteristics, it
18 theoretically pessible to derive the array of
shaker system inputs {R} required to produce
the desired responses {CD},

The preceding analysis pertains to the two-
actuator system of Fig., 2. The concluding
equation may be made to apply to an M-input/
M-output system by generalizing the definition
of the system matrices as follows:

R E, ¢
®Ry=1 1 &} (- }, () ={°
Rm Eng Cm
Piie Pim ||P1 H,
(Gl =" N .[H]=@ .
Pya Pym [ L2 H

(17)

Cross-Coupling Compensation
Equation (12) may be written as

{C) = [1B}{R}, (1%
where

-1
B =[t1d +(@FHD] (6. 09

This is the formul.tion of ihe generalized

cross-coupled M-actuator shaker shown in
¥y, 1.1 The response of the compensated
Sysiem may be written

{c} = (B} (A} {R'},
where the characteristics of [A] are momen-

tarily undefined. Ideally, we would like the sys-
tem to behave according to the equation

(20)

Tsee Appendix A for a comparison between
this formulation and the Cross-Coupling Factor
formulation used in Ref, [4].
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{c} = ~G-){rY, (21)
where [-G4] is a diagonal matrix in which each
element Gi; is the desired transfer function
between input R} and response C;. By com-
paring Eqs, (20) and (21) we see that the com-
pensation matrix [A] must have the property
that

[BI[A] =[G} (22)

or

(a1 = (81! G

Equatinn (22) is the generalized formulation of
the ideal open-loop cross-coupling compensator
for stable time-invariant linear systems.
Equation (20) says that {o get decoupled re-
sponses to the inputs {R'}, the shaker system
must be driven with the derived inputs {R}
where

R} = [Al{R!]).

This formulation is general within the given
constraints and applies in principle to swept-
frequency sinusoidal, transient, and randoin-
vibration testing,

(23)

CONTROL OF SWEPT-FREQUENCY
SINUSOIDAL TESTS

In swept-frequency sinusoidal testing the
objective is to control the amplitudes and
relative phases of .ie sinusoidal actuator re-
sponses as the frequency is swept over a
specified range, In this section a control
algorithin capable of being implemented on a
smal.- scale digital computer will be developed
for swept-frequency sinusoidal testing.

The idealized cross-coupling compensation
matrix [Eq, (22)] was deprived in terms of
Laplace-transformed variables for a linear
aae-invarian* system. Tc make gractical usge
of the cuinpensator for swept-frequency
sinusoidal testing, three steps are necessary:

e Equation (20) must be interpreted in the
frequency domain,

e An experimental method must be
developed for identifying the system
transfer matrix from which the cross-
coupling compensation matrix 18 calcu-
lated,

¢ An outer feedback-loop must he added
19 correct response eryors resulting
from system nonlinearities or identifi-
cation errors,

Frequency Domain Formulation

The conversion to the frequency domain is
relatively straightfcrward, The Laplace
variable s consists of real and imaginary parts
where

[ - —




':' } -;‘h‘::‘: E
-
E2 !
§ $=0 +jw, r——'—----'—"-"—————"—""l
§15’; G = real part, (24) | ' ‘m
¥ w = imaginary part, L l '
3 j=N"T. I
i In the frequency domain, o = 0 so that | 3
s = jw (25) _ l 3
g , i { 1 | =
= and jw is referred to as the complex frequency. | | 3
% Equations (18) and (20) may then be written AR l -Al |
¥ {ctw)} = [BGw)) {R(GW) (26) R S .
14 and _}— j*t2 l
B R} = [AG)] R (G0)) . (27) Al } AR L —
?‘Z To bypass the direct use of complex | 1. j*+1
£ arithmetic operations,! the variables of Egs. . J
£ (26) and (27) must be separated into their real
z and imaginary parts, First we define
r C,(i) = CR,) + j CLW), (28) j
: B;, () = BR; () + j Bl (w), (29) w S ws v
‘ R,(u) = RRi(w) +§ R_Ii(w), (30) w2< w3y
. Aik(Jw) = ARik(w) +j AIik(w), (31) o
4 % and wy SwE wy ]
) . ¢ Ry(jw) = RR\(w) + ) RIY{w), (32) i
ig, 3 - Three-dimensional discretized com- ki
It should be noted that each of the terms on the Fig perfse:tio:xmm:t;ix retieed ¢ ' i
right-hand side of Egs, .(28) through {32) is a ] !
function of frequency only, By direct substitu- : . , -
tion of these definitions, Eqs. (26) and (27) be- . .
come the partitioned-matrix equations The compensation submatrix for each inter- : b
val is obtained from the system transfer matrix —
CR gr ! -B1 1] mrr obtained experimentally at the center frequency
il B Rl Rl F ket (33) of that interval., The transfer matrix is deter- :
Cl Bl | BR RI mined column by column by exciting the system !
, and sinusoidally one channel at a time, By ex-
i panding Eq. (33) and setting all inputs except
i - - RR; to zero, we obtain
i BRI .fAR_[-Al || RRI{ (g !
\ . RI Al | AR RI* 3
. - cry | fory, B, Ry femryyown L emry ] 0
i Equations (35) and (34) constitute the frequency ' :
[ domain formulation of the system equations, R | fBRy LN Bh | 7R,
- 8 P - .
I Determination of the Compensation Matrix Ryl Inryy Ry Ryl BByl 0
A 3 The elements of the partitioned transfer wotel B Sty S -~
Y - matrix (B} and compensation matrix [A] of oy § By - Bl .. Blhiy I""u <+BR, .. BR )0
l i Eqs, (33) and (34) are continuous functions of : : : :
I frequency., The finite storage capacity of a ci B Bl lon BR "
i digital computer and the sampled-data nature of R RS M |- " ™
: a DDC system diclate that the compensation . . . . . .
matrix must be discretized; that is, the fre- Cly | [Bly; + Blyy- - Blyy [nnm..anm. PRyl 0]
quency range of interest must be divided into - .
frequency intervals and a fixed compensatic : 35)
submatrix used for each interval, This results (35
in the three-dimensional compensation matrix
(Fig. 3).
{7 T At any channel k the responses due to input nni
| Arithmetic operations involving complex are then ’
variables directly are generally inconvenient
E

for implementation on small-scale computers. CR, = BRkj RRj
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and where :é
= BI, . RR.. 37) .= i t RR., 3
cr, kj BB ( ARRJ perturbation of inpu RRJ 3
The terms CRi and Clj correspond to the ACR,, ACIL = resulting perturbations of CO

coherent and quadrature components of the
phasor response at channel k with respect to
the reference sinusoidal input R;, These com-
ponents are readily measured by coramercial
CO/QUAD analyzers, Therefore, excitation of
channel j permits column j of the transfer
matrix to be calculated as

CR,

BRy: “ ®Rm,
J Vk=1,2,..., M (38)

CI,

Bly " FR,

Once the transfer matrix at a given fre-
quency has been fully determined, the
corresponding compensation submatrix is ob-
tained via Eq, (22), In swept-frequency
sinusoidal testing, a flat system frequency-
response characteristic is generally desirable,
This is obtained by equating [~G%] to an
identity matrix, The compensation submatrix
at the specified frequency is then simply the
inverse of the system transfer matrix:

1 ; -1
ARG CAL || _BRi -BLY (39
Al + AR BI ! BR

By partitioning the matrices intc real and
imaginary parts, the subject of the matrix in-
version is changed from an M X M complex
matrix to a 2M X 2M partitioned real matrix,
Numerical procedures for calculating the in-

verse of a partitioned real matrix have been
described elsewhere [19] .

The spacing of the compensation sub-
matrices over the frequency range of interest
is arbitrary, Thus, several submatrices can
be grouped near a frequency at which the gys-
tem dynamics are rapidly changing, Simulation
studies have indicated that five or more sub-
matrices may be required to pass through a
single sharp resonance. The compensation
matrix can be established by low-level pre-
testing at selected frequencies, or it can be
built up "on-the-run" during the first frequency
sweep of the actual test by stopping the sweep
momentarily at intervals and perturbing the
amplitude and phase of each input, It can be
shown that perturbation of RR; permits the
elements of column j of the trgnsfer matrix to
be calculated as

ACR,
BRy; * ARR,
JVk=1,2,..., M, (40)
Act,
Bl = &R,
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and QUAD responses of chan-
nel k,

Both amplitude and velocity-dependent non-
linearities are encountered in electrohydraulic
and electrodynamic shaker systems, The
determination of the compensation matrix at
full test level has the advantage of minimizing
the effects of amplitud:-dependent nonlinear-
ities, Velocity effects become a frequency con-
sideration in sinusoidel testing and are
inherently accounted for by the use of the
frequency-dependent compensation matrix. Both
the pretest and perturbation techniques are
being studied further with regard to their ability
to cope with system nonlinearities,

The procedures for swept-frequency
einusoidal testing discussed thus far have been
validated by means of a frequency domain
simulation of the four-actuator shaker gsystem
shown in Fig, 4, The mathematical model of
the actuator controllers for each channel are
simplified representations of the electrohy-
draulic actuators in the LLL system, The load,
consisting of a rigid table and a spring-dataper
coupled test mass, is fictitious and was chosen
to provide a high degree of actuator cross
coupling. The actuator-piston accelerations
were considered to be the system responses
{C} to input commana voltages {R}. The
amplitude of a typical transfer element is
shown in Fig. 5; the corresponding cross-
coupliqf compensation eiement is shown in
Fig. 6.

DDC Algorithm for Swept-Frequency
Sinusoldal Testing

In practice, the open-loop cross-coupling
compensation procedure is imperfect because
of amplitude or velocity-dependent nonlinear-
ities, It is therefore necessary to introduce an
outer feedback loop that continually corrects
the responses as the frequency is swept, The
sampled-data system for accomplishing this is
shown in Fig. 7. Amplitude and phase control
are achieved indirectly by controlling the
coherent and quadrature components of re-
sponse for each actuator,

The functions isolated by samplers are
performed by the hardware and software of the
digital computer system, The time domain
coherent and quadrature responses of the sys-
tem are sampled+ bySy at time t,,, digitized,
and subtraciad irom the sampled command in-
puts to give the error array

IThe associated cross-coupling factor as de-
fined in Ref, (14] is plotted in Appendix A,

¥The symbol * is used to designate sampled
variables,

—




Kok i3 o

PILITER

S S T T

A

VR

b3

g~ 1]
S
™

37
=

=
kS
£

R TR TR

X
I .
]
! /X'/
, Mg —J3 Y4 %6
——% T —
/—’ ¢3 ¢ —/
Z —
2 ﬁj 'T"a‘_ X5
J
2
T A —
X
7 X 4
! F' 3\ My t ACTUATOR PISTONS
fx] 1 F3 ,XZ Fa ]
- 1 2 |
!
Ri]  SERVOCONTROLLER F Fa : SERVOCONTROLLER
™1 AND ACTUATOR 1 | AND ACTUATOR 4
SERVOCONTROLLER SERVOCONTROLLER |
R3—=1 AND ACTUATOR 3 AND ACTUATOR 2 2

Fig. 4 - Mathematical model of shaker system used in validation of cross-coupling compensa-
tion procedure

AMPLITUDE (in. /sec2-V)

Fig, 5 - Transfer matrix zlement B, (jw)

1 1 1 X l 1 L L

1 1l

10! 102

FREQUENCY (Hz)

AMPLITUDE (sec2-V/in. )

Fig, 6 - Cross-coupling compensation element

159

raal

1 0-6 1 TSN

FREQUENCY (Hz)

Alz(jw)

L
10! 102 10

-

——




e A Qoo I o,

v n e .

R TR

{RR'(tn)*I

SINUSOIDAL

SINUSOIDAL
RESPONSES

lCR(tn)
INPUTS

D(z) =T =

D/A (8] CO/QUAD

—ANALYZER |-

SHAKER
SYSTEM

l?#l [A) >
.21 - 53
SINUSOID
r" GENERATOR
I
| L
A/D (| —

I DIGITAL COMPUTER SYSTEM
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e

Fig. 7 - Block diagram of DDC system for swept-frequency sinusoidal testing,

ER(t,)* RR'(t))  (CR(t )7
_____ EL CoTenpp—— S S, (41)
EIt ) RI'(t)x ] |cHt )=

The error array is then premultiplied by the
appropriate compensation submatrix to get the
decoupled error array

FR(tn)*

FIit )

AR | -Al (ERIt )

Al | AR ENt )=

The function of the digital controller D(Z) is to
introduce such classical control algorithms as
integral or derivative control, In general, the
digital controller can be expressed in Z
transforms as {20]:

-1 _L
a+e, 2 " +,,, 8, 2
D(zy - 01 L

-1 -K’
b0+blz ... bKZ

K2L., (43)
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For the particular case of integral control,
K

D(2) = —L— (44)
1-2°
where
K; - integral control gain,

The application of D(Z) to the decoupled error
array results in outputs

RR(t, ) RR(t__)* R(t )
----- e m it Kl — ==} (45)
RI(t ) RIt ) FI(t )+

’prevlously calculated
output array,

The digital controller outputs eve sampled at
S3 and used to generate analog sinusoids of
appropriate amplitude and phase to drive each
channel of the shaker system, A means of
synthesizing these sinusoids using an analog
sine/cosine signal generator, two muitipliers,
and a summer is {llustrated in Fig, 8.
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RR. Rl

=RR; SIN wt + RL, COS wt

Fig., 8 - Algorithrn for synthesizing sinusoi-
dal command R;(t) from calculated RR;
and RI; values

The interval between sequential samples
affects both the stability and accuracy of the
closed-loop process. Both analytical and
digital simulation techniques have been used
to investigate this situation, For the LLL
electrohydraulic shaker system and typical
test objects, optimum transient response (in
the sense of minimum integral squared error
for a step change in sinusoidal amplitude) is
expected for a sample period of 30 ms. For
system resonances as sharp as Q = 50 and
sweep rates up to 5 octaves/min, the pre-
dicted response errors are less than 5%, ex-
clusive of instrumentation error.

TRANSIENT RESPONSE CONTROL

In transient response control, the objec-
tive is to generate independently specified time
domain responses simultaneously at each
actuator, A preliminary study indiceted that
a dedicated cc* :puter capable of performing
direct-digital «; ansient response control
would be ecoismically impractical with cur-
rent technology. Therefore the technique
describesd here is open loop in nature and
s . -tlar to that used for single-actuator
trans.ont-response control fa) . The theoret-
ical analysis assumes that the shaker system
fs linear and time inveriant,
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Synthesis Procedure

Referring to Eq. (16), the inputs re?uired
to obtain an array of desired responses {CD{s)}
are

R} - (B(s)] " HcPs)} (46)

or

{Ris)} = (Als)] {cPls)}, (47
where [A(s)] is the cross-coupling compensation
matrix with [~ G%] equated to an identity matrix,
If analtyical expressions could be obtained for
each C{D(s) and Ajj(s), Eq. (47) could be used
directly, This is not the case, however, so
once again we resort to the frequency domain,
The fast Fourier transform! (FFT) equivalent
of Eq. (47) is written }

RR(w) } ARG 1 -AK | [ cRPw)
- —a—— = - — — + ______ R

RI(w) Alw)

ARW) ] | c1Pw)

(48)
wiiere

RRi(w), Rli(w) = real and imaginary (MX1)
partitions of FFT of Ri(t),

CR?(u), C12w) = real and imaginary (Mx1)
p: rtitions of FFT of CP(t),

AR‘.k(w), Al.k(w) = real and imaginary (MXM)
! partitions of compensation
matrix,

Equation (48) is the mathematical basis for the
transient response synthesis procedure dis-
cussed in the following paragraphs, It should
be noted that this equation has an implied third
dimension corresponding to the N freguency
values of the FFT. Wherever arithmetic
operations between transformed variables are
used, that operation is assumed to apply to all
N terms in the series representations,

The procedure for determining the required
time domain input array {R(t)*} is diagramed
in Fig, 9. The transfer matrix is determined
by exciting the shaker one chanr2l at a time
with a deterministic test pulse P.!). For each
input pulse the transient response of every
actuator is sampled, The sampling rate, of
course, must he sufficiently high to avoid
aliasing. The transfer matrix elements are
calculated as the complex ratio of the FFT's
of the response and input transients,# That is,
for a calibration pulge P(t) into channel j, the
real and imaginary elements of column j of the
transfer matrix are

TSee Appendix B for a definition and properties
of the FFT.

1;Alterz'mtely, each transfer element can be
calculated as the ratio of the cross~ and auto-
spectral densities [19,21 and 22], More
sophisticated methods offering greater statisti-
cal confidence at the expense of increased com-
mitational complexity are siso available {15],
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END

Fig. 9 - Algorithm for transient response syn-
thesis

Ci(w)
BRlJ(U) = Re (m (49)
i=1,2,..., M,
C;{w)
BIij(U) = Im m (50)

where
C;(w} = complex FFT of sampled
response Ci(ﬁ,

P(w) = complex FFT of sampled input
P(t),

M = number of actuators,
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When the transfer matrix has been com-
pletely determined, the compensation matrix
is calculated according to Eq. (39).T The trans-
form of the required inputs is obtained by pre-
multip’ ¢ the transformed array of desired
respons v the compensation matrix, Finally,
the inverse FFT is used to get the time domain
inputs,

The transient response synthesis procedure
has been validated via a digital simulation using
the mathematical model of the shaker system
shown in Fig, 10, For a given mathematical
model, the simulation of time domain responses
are computationally much more time consuming
than frequency domain, Therefore, io keep
computation times within reason, the model
used in the transient-response simulaticn is

much simpler than that used for swept~frequency
sinusoidal testing, The parameters of the model
were adjusted to give peak values of cross-
coupling comparable to those illustrated in

Fig. 5. Typical results are shown in Fig. 11.
The synthesis procedure was found to give
acceptable results as long as the desired wave-
form was within the capabilities of the simulated
system.

Limitations of the Synthesis Procedure

The mathematics of the transient response
synthesis process give one, at first, a feeling
of omnipotence, That is, it appears possible
to generate any-transient waveform on any
shaker system. Unfortunately, this is not the
case, What follows is a discussion of some of
the limitations of the waveform synthesis proc-
ess, These comments apply to single- as well
as multiple-actuator systems.

The first limitation is mathematical in
nature and has to do with the relationship be-
tween the specific transient vaveform to be
synthesized and the dynamics of the shaker
system, Consider the single-input, single-
output system of Fig. 12, ‘The input necessary
to generate the desired response YD(s) is

D
_Y(s)
X(s) = -Hrsrr (51)

’

where

TThis would at first appear to require N
matrix inversions. [t can be shown, however,
that the N complex FFT coefficients Ai.(k),
k=0,1, ..., N-1, have the property
that

_ } _ N
Aij(k) -K'i;(N k), k=1,2,..., 3

where
' AN - k) is the complex conjugate of
J Ayy(N - k).

Therefore, with the inclusion of zero frequency
terms, only N/2 + 1 submatrices need be
calculater directly,
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procedure

X(s) = Loplace transform of input,

¥D(s) = Laplace transform of desired
response,

H(s) = transfer function of system,

If we assume Y (s) and H(s) can be represented
as

YP(s) = 8 — (52)
bo + bls. .ot bks
and
(s) i
H(s) = (53)
M
8+ a;5 4.+ ays
over the frequency range of interest, then
J-L M
8 [nra 6+, ..8,,8"]
X(8) = 01 L S

K
[b0 +b,s +...bks ]

By applying the iaitial- and final-value theorems
of Laplace transforms [22], we find that
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g WL P T NI : < o (5)
R]*%——— ‘(S)—- ~ D1( ) 1 FCI
P c, -5, P _
Rz—'g'_‘ez‘s) D(5) AU RS
L X3
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E F -F c
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Rs“?_’Ga(s) - Da(s) P4(S) fo
[
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G c — A -
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lim X({t) = lim sX(s)

t-0 3~®
=0, (J-L+l+M)>K
= finite, (J-L+1+M) = K
=0, (J-L+1+M)XXK

and

lim X(t) = lim sX(s)

t +o s —+0
=0, J2L-1
= finite, J = L-1
=, J< L-1,

The conditions specified by Eqs, (57) and (58)
are most desirable, while th¢ remaining
conditions risk or assure saturation of the

physical system,

The preceding type of limit analysis can
be extended to the frequency domain to give

(54)
(586)
(57)

(58)
(59)

(60)
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information on the behavior of the Fourier
coefficients of X:

lim X(w) = lim X(s)

w—=0 5= jwu-0
=0, J> L (61}
= finite, J = L (62)
=ew, J< L (63)

lim X(w) = lim X(s)

W= o 8 = jw—=ow
zew, (J-L+ M)> K (64)
= finite, (J-L + M) = K (65)
=0, (J-L+ M) < K (66)

Equations (61), (62), and (63) are important
since they apply to the low-frequency
coefficients of X(w). The implications of

Eqgs, (64), (65), and (66) can be dealt with by
limiting the frequency range of the FFT analysis.

H(S)

X(S)————=

Fig, 12 - Single-input single-output system
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Equations (55), (60), (63), and (64) define
the mathematical limits of the waveform
synthesis procedure, \Whenever these
boundaries are approached, saturation of the
physical system becomes a possibility and
compromises in the fidelity of the synthesized
waveform must be accepted.

The second limitation of the transient-
response synthesis procedure has to do with
nonlinearities, Both amplitude- and velocity~
dependent nonlinearities will cause inaccura-
cies in the synthesized waveforms, Iterative
techniques have reportedly been used success-
fully in single-actuator systems to overcome
nonlinear effects, In the iterative procedure,
successive system identifications arc per-
formed using the synthesized input from one
iteration as the calibration pulse for the next
until, finally, the response converges to the
desired waveform. This technique also
appears promising for use in multiple-actuator
systems,

RANDOM VIBRATION CONTROL

The algorithm for random vibration con-
trol is a logical extension of the procedures
developed for transient response control, The
flow diagram of Fig, 13 is for the general
problem of controlling the autospectral
density responses of M actuators in accordance
with M independent desired spectral densities.
Siight modifications to the procedure, 10 be
discussed later, are required to obtain ampli-
tude and phase-coherent actuator responses,

The random vibration control algorithm
begins with the pretest determination of the
cross-coupling compensation matrix using
the method previously described for transient
response control. At the beginning of the DDC
loop, an FFT processor transforms the
buffered frame of N data points for each of
the M actuators to form a partitioned matrix:

cn(w)} {Re[FFT( {ci)y+1)
= (67)
4’n

Cl(w)

—— —— —— — o———

Im(FFT(H{Ct)*})] n'

where

{C(t)*},, = current array of sampled

responses,
n = frame index,

The N/2 + 1 autospectral density lines of
each actuator 1 esponse are then calculated as

24T

sCt0 = 2T [ery0? + crm?),

_ N
k-O,l,...,‘i', (68)

where
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Fig., 13 - Algorithm for DDC of random vibration

(k) = real and imaginary
parts of kth complex

8B}, = SPwly, - 8CWY . (69)

coefficient of C,(w), A DDC algorithm of the form of Eq, (43) is

The measured autospectral density array is of command spectral densities {3
subtracted from the stored array of desired the case of integral control,
spectral densities {SD(w)}, to obtain the

applied to the error array to get %(nﬁv array
w)pn. For

sPw) = 8Rw),_, + K EwW), (70)
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where

sRw) n-1 = previous command spectral
density array,

We must now work backward from the
command spectral density of Eq. (70) to an
arrey of time~domain inputs, Since all phase
information has been lost at this point, it
must be introduced artificially, More
importantly, it must be done in such a man-
ner as 7 produce a Gaussian amplitude
probabiiity density distribution in the result-
ant time-dcmain waveform, This is achieved
if the coefficients of the real and imaginary
parts of the Fourler transform of each Rj(w)
have independent Gaussian distributions and

RR; (k)2 + BRI} (07 = gime STUK),
k=0, 1,..., g, 11
where
!
RR; (k) real and imaginary parts
m'l(k ) = of kth complex coefficient

of R'l(w)

I = actuator index

Equation (71) defines only the first N/2 + 1
terms, To yield real time-domain transients,

the remainder of the coefficients are defined
;olllae complex conjugates of the first N/2 + 1 as
ollows;

RR;{(N-k) = RR;(k)

N
k=1,2... 5 2
RINN-K) = -RIK) } z

Several approximate methods for satisfying
Eq. (71) have been discussed in the
literature {9, 10].

Having arrived at the array of synthesized
commands, the decoupled input transforms are
calculated as

RR(w) ARI-Al
- ——— [ + -
RI(w) n Al } AR

The inputs are then inverse transformed and
placed in a buffer area from which they are
continuously retrieved and transmitted in
analog form to the shaker,

RR'Y(w)

- - —

RINw)

(73)

n

To obtain phase- and amplitude~-coherent
responses within one or more groups of
actuators, the above procedure must be
slightly modified, For each group, one frame
of sampled data points is obtained by time-
division multiplexing the reaponses of the
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actuators within that group, Each group is
handled as though it was a single actuator up to
the time the complex input transforms are
generated, At this point the calculated input
transforms are replicated for each actuator
within a group, In this way the process will
attempt to generate identical waveforrns at
each actuator of a coherent group, regardless
of cross-coupling.

The stability of the random vibration DDC
algorithm hinges on the execution time of the
digital calculations, Although no specific esti-
mates have been made, it appears likely that
at least one hardware FFT processor and
possibly array multiplication hardware will be
required to provide the speed necessary to
give satisfactory control system response,

A DEVELOPMENTAL MULTIPLE-ACTUATOR
DDC SYSTEM

The configuration of the four-actuator DDC
system currently under development at LLL is
illustrated in Fig, 14, This system consists of
four groups of hardware: (a) a general purpose
digital computer, (b) unique hybrid data acqui-
sition and signal generation equipment, (c) four
individual actuators and their associated con-
trollers, and (d) supervisory hardware,

The system operates in a closed-~loop man-~
ner, The computer obtains digitized load re-
sponse information from the data acquisition
unit (DAU), calculates new commands based on
this information, and outputs appropriate data
to the digital waveform synthesizer (DWS) and
command generation unit (CGU), The DWS and
CGU function together under the control of the
central processor to generate the dynamic and
setpoint analog command signals required by
each of the four electrohydraulic actuators of
the shaker system, Each actuator controller
operates to produce, ldeally, an actuator dis-
placement proportional to the sum of its dy-
namlic and setpoint commands, The supervi-
sory hardware is basically analog in nature and
monitors the system for out-of-range operating
conditions,

The items of interest here are the com-
puter system and the LLL~designed hybrid
interface equipment, These items are dis-
cussed in the following sections,

Computer System

The computer system, Fig., 15, is config-
ured about a 16-bit worJd size central processor
having 32 k of 800 nsec core memory, floating-
point hardware, 120 Hz real-time clock, and
an interval time, Periphesals incluce a 500~
line/ min electrostatic printer/plotter, a 1,2~
million word disk, industry-compatible mag-
netic tape, a 300-card/minreader, ahigh-speed
paper tape reader/punch, a storage-type CRT
with keyboard and a teletype, It is anticipated
that the hardware FFT processor shown will be
added co the system in the near future,
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Fig. 14 - Configuration of DDC system

Digital Waveform Synthesizer

The DWS is used to generate a time series
of digital values corresponding to sequential
points on any desired periodic or transient

waveform,

For periodic waveforms, the de~

vice is designed to operate over a fundamental
frequency range of 0.1 Hz to 1 kHz with a fre-
quency resolution of 0,1% of the nominal fre-

quency setpoint,

The hardware (Fig, 16) is composed of two
sections, a timing circuit and a shift register,
The timing sectionreceives frequency commands
from the central processor in a binary floating-

point format,

The frequency data are decoded

and used to generate two output pulse trains,
One of these provides timing information to the

DAU; the other steps the shift register,

The shift register is a 12-bit wide by 512~
position semiconductor component which is
loaded by the central processor withthedesired

sequence of digital values,
trol of the timing section, one value at a time

Under clocked con-

is shifted into the output buffer register and
simultaneously back into the beginning of the
shift register., In this manner the shift regis-
ter appears to rotate when pulsed repeatedly,
A second output buffer register is located one
quarter of the length of the shift register ahead
of the first, Thus, if the stored values define
a sinusoidal waveform, both sine and cosine
functions can be generated simultaneously,

Command Generation Unit

The purpose of the CGU is to output inde~
pendent dynamic and setpoint analog commands
to the four actuator controllers, Figure 17
depicts the firat channel of the CGU, The re-
maining three channels are similar but not
identical,

There are five dynamic-command signal
sources which may be selected individually or
in any combination, In swept-sinusoid testing
the first two inputs are the digital sine and
cosine values from the DWS, These inputs are
passed serially through conventional digital/




e — - . - - « B

: - T { - . i
et e iﬁ‘%& I * - ) ;
f *f T e }
{ 3 z
. § Pl
s DAU
SUPERVISORY
ceu ! {"HARDWARE :
: CRT OPERATORS L
’ 5’ N é
i %
CENTRAL PROCESSOR (CPU)
ELECTROSTATIC B\ ::TT.': TRANGEORM | .
PRINTER /P /
16-BIT WORD SIZE PROCESSOR
32 K, 800 niec MEMORY ;
FLOATING=POINT HARDWARE '
REAL-TIME CLOCK o
1.3 MW — %5- E: -
DIsK STouAey | == INTERVAL TIMER TELETYPE .
i
INDUSTRY COMPATIBLE f
. MAGNETIC TMEE ? PAPER-TAPE PUNCH ,
J i . g
{ | CARD READER LT\ PARER-TARE READER [
' "‘f Fig. 15 - Digital computer system
£ COMMANDS FROM CPU
2 P e e NS N
* ¥
i B FLOATING=POINT
; £ FREQUENCY CONTROL
! 3 COMMAND DATA
o [ [
| i ,
f i BUFFER SUFFER
| REGISTER REGISTER ROTATING SHIFT REGISTER ‘
s s s IR e,
i L <
i SIN® | 2
: . FLOATING-POINT DATA amxi2 L] 128x12 outeuT uFFer PO | X
, , DECODER SELECTOR SHIFT REG SHIFTREG =] = REGISTER 2
[ 4
. cos* ) <
;e : \ SHIFT OUTPUT BUFFER |==3
?' DIGITALLY PULSE | REGISTER §
: CONTROLLED FREQUENCY o
OSCILIATOR TIMING PULSE ~-pl =
Fig, 16 - Digital waveform synthesizer
eI e




DATA FROM CPU

SR S S

BUFFER BUFFER BUFFER
RESIGSTER | | REGISTER REGISTER
z
< SIN DC
= DAC MDAC ) DAC |=SET-
DATA |« POINT
FROM (8 ’
ows ) O cos INPUT
=y DAC |, SELECTOR
BUFFER )
= G [O-7Ass | DYNAMIC
~| MDAC 2 MDAC | SET-
FILTERS [ 3T
&‘Ja oy BUFFER
CPU REG
R
C p-
= iG] DAC {3
-l4
AUXILLARY
ANALOG ) w5
INPUT ( ( [’
TO CHANNELS 2,3, 4

Fig, 17 - Command zeneration unit

analog converters (DAC's) and then multiplying
digital /analog converters (MDAC's), The co-
efficients in the MDAC!'s are set directly by the
central processor, By selecting lnputs 1 and 2
in combination, it is possible to deiine a sinus-
oid of arbitrary amplitude and phase relative to
the output of the PNWS in the manner described
by Fig, 8, The third dynamic input is from a
DAC driven directly by the central processor,
It provides the capability to generate transient
and random excitation waveforms, Input 4 is
common to all four channels and is also tied to
input 3 of channel 1 (only). In this way up to
four channels may be driven identically by a
single DAC, A fifth input is provided for ex-
ternal command requirements,

The selecied command inputs are summed
and passed through an MDAC that provides
amplitude scaiing for the combined inputs, Fi-
nally, low-pass filters are used to remove any
noise generated by the D/ A process,

The setpoint command is necesssry to es-
tablish the ['C operating position of the electro-
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hydraulic actuators, This quantity is set in-
dependently for each channel by DAC!s driven
directly by the central processor,

Data Acquisition Unit

The DAU consists of four channels of func-
tionally identical analog and digital data proc-
essing hardware (Fig, 18), Each channel per~
forms a number of selection, detection, and
d:gltlzlng tasks generally related to data acqui-
sition,

The tnputs to each channel consist of the
acceleration, displacement and force response
data from the load as well as the dynamic and
set-point commands of the corresponding actu~
ator, The command inputs are solely for the
purpose of system checkout and calibration,
During a typical control task, the selected vari~
able is passed through a varisble~gain ampli-
tier, anti-allasing filters, and if a swept~
sinusoid test is underway, through a CO/QUAD
analyzer, The CO/QUAD analyzer uses the
timing and digital waveform outputs of the DWS
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to perform a first-term Fourier analysis, It CONCLUSION
outpi ts digitized coherent and quadrature values
] of th:: fundamental component of the feedback An investigation has been made into the
. varisble directly to the central processor, theoretical and practical aspects of controlling
! : multiple-actuator shakers, The ideal cross-
i The output of the variable gain amplifier is coupling compensation matrix for stable, linear,
. also passed through a peak detector. The peak time-invariant systems has been shown to be
L ' response of each actuator, along with the out- related to the inverse of the system transfer
; . puts of the anti-aliasing filters, is multiplexed matrix, Practical algorithms incorporating
P j and passed through a high-speed A/ D converter., cross-coupling compensation have been developed
i The avallability of the peak raw data values for the direct-digital-control of swept-frequency
i i permits any large harmonic responses (the sinusoidal, transient, and random vibration
A CO/QUAD analyzer detectsonly the fundamentall  testing, Hardware and software to implement
to be detected, the algorithms on an existing four-actuator elec-
trohydraulic shaker system are under develop-
o Specimen~monitoring transducers are often ment,
K L used during a test to protect the payload from
Pl o T large, unforeseen resonant conditions, The
DAU nrovides for as many as six specimen REFERENCES
T monitors, The peak response of the monitors,
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APPENDIX A: RELATIONSHIP OF TRANSFER
MATRIX FORMULATION TO CROSS-COUPLING
FACTORS

In this Appendix the cross-coupling factors

{CCF) of Ref, [4] are related to the transfer
matrix formulation of Eq. (18),
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Using CCF's, the responses of the M-
actuator system of Fig, 1 are:

Cy=2 Ry +213C+23C A
+ oo F ZIM Carr
Cy=25, Cr*Zpp By 295Gy
Foe + 2oy Cw L (a-1)
Cm=Zm1 Cr* 2y G2+ 23 C3
% e Zpgas R |

where
R, = Ri(s) = Laplace transform of input i,
Cl = Ci(s) = Laplace transform of response if

zij = Zij(S) = cross coupling factor.

By solving for the actuator inputs, Eq. (A-1)
can be placed into matrix form:

{r} = {w] {C},

(A-2)
where
1 213 %3 Em]
Zy 2y 7, Z;
z z z
21 1 23 - Zam
[W] = eee (A-3)
Zyy Zp 2y Zy,
z Zoyo 2
M1 *m2 Zm3 .. 1
Zum Zmm ZmMM Zym )

By comparing Eqs. (A-2) and (18), we conclude
that

W] = (B} (A-4)
l.e., the inverse of the system transfer matrix

is directly related to the cross-coupling factors
for that system,

For comparison purposes, the frequency
response of the CCF corresponding tothe trans-
i;:lr mz!rix element of Fig, 5 is plotted in

8. “!o

APPENDIX B: BASIC PROPERTIES OF FAST
FOURIER TRANSFORM

In this Appendix the basic properties of the
Fast Fourier Transform (FFT) are defined,
No attempt has been made to presen. proofs of
these properties and the reader is referred

elsewhere for more rigorous treatments of the
subject [19, 23, 24).

The FFT, as used in the analysis of shock
and vibration data, is the discrete Fourier
transform of time series data, The available
algorithms are generally based on the complex
summation

N-1

A - z X, eI 2xk/N) g N1 (B-1)
i=0

where

Ak = kth of N complex Fourier coefficients
= ARk +j Axk
X = ith of N complex data points
= XRi +j XIi
j=~N-1
N = number of data points,

The number of data points, N, is generally re-
stricted to powers of two:

N = 2b, (B-2)

where L is referred to as the order of thetrans-
form,
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and may be performed by executing a forward
FFT on the series A}/ N:

N-1

domain to the frequency domain, The results
of the transform of N real datapoiats are shown
in Table B~1, For data points sampled at in-

tervals AT, the spacing of the frequency points
is

1

B = NaF © "1!_: (HZ), (B-5)

For real (as opposed to complex) sequences of
data, the transform coefficients have the prop-
erty that

= Al =AM, k=1,2 ..., 5, (B-6)
15l | N
X(i) = Z .i(vk) e_h..rrxk,ll\i)' here
whe
k=0
i=0,1,..., N1, (B-4) A[N-k] is the complex conjugate of
A{N-k)
where the horizontal bars indicate conjugation, '
and
A sequence of data points, when operated
on by an FFT, are transfornted from the time Im [A(0)] = Im [A(N/2)] = 0.,0.
TABLE B-1
Transformation of a Sequence of N Real Data Points
X Alk)
Time Frequency
(sec) XR(i) XIi) Index AR(k) Al(k) (Hz)
0 XR(0) 0.0 0 AR(0) 0.0 0
t, XR(1) 0.0 1 AR(1) Al{1) - il
N N, N N o
N MR (—72- !) 0.0 51 AFI(2 1) Al (2 1) N
3o z°!
N N N -
t;\Z XR (—2‘) 0.0 5 AR (-Z) 0.0 fﬁ
2 2
\J J
ty xn(i\,—n) 0.0 f Fen AR(—- ) -AI(%-) oy
5 +1 = S~ 1
2 2
I\
tn-1 XR(N-1) 0.0 N-1 AR(1) - Al(1) +f1

t T kAT, k 50, 1, ..., N1
f = kixgmh k=0, 1
k N&T) b s
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(N+1-k)(§rl-ﬁ-.), k=
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Thus, only N/2 + 1 different spectral lines are
obtained for an analysis of N data points and the
effective analysis bandwidth is

HCERE . @
Since the sample rate ie
s = -1 (B-8)
AT’

the Nyquist frequency is identically equal to F,
To avoid aliasing, the sampled data must there-
fore be bandwidth-limited to the frequency F.

As a final note, it is possible to transform
two sets of real data Y(i) and Z(i) simultanecusly
by setting

x(1) = Y({) + jzdi).
Then the FFT coefficients of Y(i) are

B(k) =L&&:§EN'_MI’,‘=O, 1, ves, N-1

and for Z(i)

ca < AR - o, 1, ..., N1,

where A(k) are the complex coefficients result-
ing from the FFT transformation of X(i),
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i GROUND VIBRATION SURVEY AS A MEANS OF . H
ELIMINATING POTENTIAL IN-FLIGHT
COMPONENT FAILURES

T

s

J. A. Hu:chinson and R. N. Hancock
Vought Aeronautics Company
Dallas, Texas

ABSTRACT

Yought Aeronautics Compeny has subjected two complete aircraft, XC-142A and A-7E,
to ground vibration tests and surveys up to 300 Hz. This procedure was aimed at

empirically resolving potential environmental vibration problems of complex installation
not amenable to design analysis. Two hundred five and one hundred thirty-three design

E‘ i changes resulted on the respective aircraft. Marked improvements were noted in main-

; : tainability and reliability. Hydraulic leaks and intermittent electrical connector failures
; were virtually eliminated, The paper discusses the test philosophy, describes the survey

‘ ) procedures and cosnments on the test results and benefits which were derived.
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INTRODUCTION

In the development of any new military aircraft, with
its many varied components and its complex electrical and
hydraulic systems, there are many design details which are
not amenable to vibration design analysis but which can be
resolved through vibration testing.

For yesars various aircraft dynamicists have advocated
the use of a ground vibration test, on an early production
sircraft, to correct the design analysis inadequacies and to
forestall later flight problems. During 2 test of this type,
alt component mountings, hydraulic lines, electrical wire
bundles, and their assorted bracketry can be observed in
order to obtain their response to a given vibrational
environment. When the response of a particular item is
considered excessive, a redesign of that installation can be
incorporated early in the production phase tather than
sfter customer complaint,

The Vought Aeronautics Company (VAC) has utilized
this type of ground vibration survey during the develop-
ment of both the XC-142A tilt-wing V/STOL transport
aircraft and the A-7E Corsair II light-attack airceaft. In
both of these programs the specific objectives for perform-
ing the test were twofold: (1) To determine the sircraft
components with a resonance in the high amplitude
frequency range below about 300 Hz, perticularly those
components with any resonsnce frequency coinciding with
known discrete forcing function frequencies; and (2) to
siter or attenuate ‘he response of those components with
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resonances below 300 Hz that were considered a potential
problem.

In its early operation the XC-142A experienced
repeated hydrsulic and fuel connector leaks, component
mounting problems, minor electrical malfunctions, etc.
The down time between flights was excessive. Loss of one
of the sircraft becsuse of a control linksge vibration failure
finally precipitated 2 ground vibration survey on an entire
vehicle. Completion of the survey and instalistion of 205
recommended design changes resulted in an almost un-
believable reduction of approximately 60% in the
maintenance-to-flight-hour ratio, and, it might be added,
improved relations between engineering snd the pilot staff

-and ground crews. Because of the dramatic improvements

shown on the XC-142A, VAC decided to subject the A-7
to s similar ground vibration survey.

The A-7 test was conducted at the time of model
change between A/B and D/E. Several hundred A & B
models were in operation at the time so that a gross
sssemment of improvements could be made, even though
the model changes were significant. Table | comparcs the
number of components surveyed to the number of changes
made a3 a result of the vibration survey. A similar com-
pasison is shown for the XC-142. The hydraulic systems
are similar enough between the A-7 models fo assess
effectiveness of the survey. As given in Table |, 133
design changes were made on the A-7E. A comperison of
hydraulic system failures between models with and without
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Table |
Number of Components Investigsted During Ground Vibration Survey
TYPE TOTAL NO FURTHER NUMBER OF
or NUMBER MODIFICATION INVESTIGATION MODIFICATIONS
AIRCRAFT SURVEYED NEED NEED INCORPORATED
XC-142A 574 365 14 206
A7E 549 356 60 133

changes showed an improvement of 21% in mean-times-
between-failures (MTBF). Granted, methods of comparison
are always subject to question, and reliability numbers are
difficult to define exactly. However, as with the XC-142,
hydraulic leaks due to vibrational induced motion at the
connectors were practically eliminated through better
application of restraints, and these greatly affect mainten-
ance time. Even if credit is only taken for 8 §% increase
in MTBF as a direct result of the survey, systems and cost
effectiveness quite handily justify its use.

A secondary benefit from the survey is accrued in the
dynamics education experieniced by the designers and others
associated with the test. Most of those not working
directly in dynamics tend to regard the structure from the
static viewpoint and as being rigid. Generally speaking, a
large part of the vibration problem cun be regarded as
cured if the designer can be taught to think “vibration.”
The “wet spaghetti” appearance of installations when
excited at resonsnce is 8 memorable experience for most
designers which will carry over to future programs.

The test methods and procedures used during both the
XC-142A and A-7E ground vibration surveys were essen-
tially the same. Therefore, only the A-7E will be described.
Since the details of vibration testing are general knowledge,
no attempt will be made to describe the test in great detail.
Only the unusual or unique aspects relating to the test will
be reported so that the originsl purpose of this paper will
not be obscured, i.e. the reporting of 3 method that has
proven to be an extremely reliable tool in eliminating
potential in-flight vibration problems.

TEST ARTICLE

To attain the primary objectives of the ground
vibration survey, the most desirable test article was »
production, fully equipped, flight-ready A-7E Corsair Il
aircraft as shown in Figure 1. Because of the short supply
of certain major avionics components and the tight
delivery schedule of the sircraft to the Navy, it was im-
possible to maintsin 3 complete, unaltered aircraft during
the entire test period. A compromise was establirhed
between Engineering and Manufacturing so that only the
portion of the sircraft thet was being surveyed at &
particuler time would be kept in production configuration.
‘This srrangement worked satisfactorily, since only local
structurs] response was desired. To simulate flight
operations a5 much as possible. a full lond of fuel and the
sircraft’s hydraulic system pressure were maintained

Figure 1. A-7E Corsair Il Light-Atteck Aircraft

throughout the test, so that fluid pressure in the fuel and
hydraulic lines would sdd the appropriate mass, damping
and stiffness to those installstions during the vibration

survey.

TEST SETUP

The sircraft was divided into several zones, such as
those given in MIL-A-8892, for purposes of studying locsl
response with a minimum number of shakers. The major
zones where the majority of the investigation was accom-
plished are shown pictorially in Figure 2. Other areas
outside the major zones were investigated if the nature of
equipiment wamanted it, e.g. control system connecting
rods and bell cranks, hydraulic lines and connections,
antenns instaflation, erc.

VINTIAL Mo

FUSLANE Tee AT OF W

CITUNY AN 20N 55T W -
L ]

T 3
bl - ]
- Lt P
; t

» - 3 "_"-‘1 4

(0 -
i W W en Aedey BIL Aget & LTSO8
Y g § LEFY SNS

Fhgwt ¢ W7t

Figure 2. Major Test Zones Utilized During Ground
Vibration Survey on A-7E Aircraft
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Thz test equipmient comprised a low-frequency
«<cillator, lectro-nugnetic shakers and strobo:ropic
cyuipment. The oscillator was capable of exci ing twelve
150 pound force electromagnetic shakers simuitaneously
with controlled phating. Yhc stroboscopic equipment,

which was tuned by the oscillator, provided a visual display

of component vibration. A frequency lag between the
oscillator and the stroboscopic lamps provided the illusion
cf slow :10tion which permitted the test personnel to view
an item’s vibratory motion in detai! and thus determine

the natural frequency of a particular component and de.ne

the requirements for a design change, if necessary. A
typicat test setup is shown in Figure 3. The shakers are
arranged for a survey of the cockpit and nose section,

Figure 3. Typical Test Arrangement During Ground
Vibration Survey un A-7E Aircraft

The movable scaffolding provided easy scce:s to all areas
of the zcue. As can be wen from this figure, all airceaft
access panels have been removed to permit visual observa-
tion of all components during the vibration surv.y. S,
of the equipment from vi.¢ right avionics bay has heen
removed since that area was not under invetigation at the
time this photovraph was taken.

To pravide the necezsary energy to excite and sustain
compunent resanances so local structural mndes could be
identified viseally with str¢ boscopic lamps, it was necessary
to drive the aircraft «tn . alonyg the path of .ainimum
impedance. “h's v, accomplished by geometrically
arranging the siakers to ex «. cither the local panel modes
¢* the lo.al surface \nodes. By placing the shakers sym-
metrically on both sides of the airplane and applying
in-phase or out-of-phas: excitation the desired modes were
obtained. Figure 4 illustzates the manner in which the
shakers were attached to the structure, This was accom-
plished by cementing blocis to the aircraft and nttaching
the shakers to those blocks by means of force rods. Shear
bolts wure used to attach the force rods to th- saaker

armaiure to prevent side.loads froms damaging the armatare.
Iit order to inject the nec.ssary force into the aircraft
structure as many as seven shakers were utilized at one
time, dependin, upnn which zone of the aircraft was being

investigated and i what axis the vibrarion was heing
applied.

Figure 4. Typics! Sha'.er Arrangement to Fuselage
Structure

PROCEDURE

Prior to the start of this test, a rcview board was
established. This board was comprised of representatives
from all coguizant engineering and manufscturing groups.
The participants on this board had the responaibility aind
the authority to make design change decisions when
required, and to incorporate these design changes into thc
manufacturing process. These decisions were made at the
test site when the problems were encountered, thus elimi-
nating any misunderstanding in the requirements for the
design change and affording each member of the board
the opportunity to examine the problem ares and observe
the results of the proposed fix, VAC found this to be an
extremely workable procedure which incressed the
efficiency of the design process by eliminating time con-
suming debriefing of the dynamics engincers by the design
personnel. This board reviewed all systems throughout the
aircraft and categorized components into the following
four groups:
® Safety-of-flight
® High Maintainability
® Low Reliability
@ No Problem

Prior to th+ start of any vibration testing, each component
was tagged with a circular tag as specified in Table 1.

Table 11
Pre-Test Identification Tags
CIRCULAR TAGS DENOTE
Red Safoty-of-Flight items |
Yellow High Msintainability items
Green "Low Reliability Items

These tags aided the dynamics engineer in selectirg the
co.cponents which he would investioate during the vibra-
tion sweep. However, he was not lim ted to the tagged
components, but would investigate any installs'~n that
respondied in an adverse manner to the applied vibration.
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Once the shakers were located and attached to the
sircraft, for a particular zone investigation, the dynamics
engineers holding stroboscopic lamps positioned themselves
so the entire test zone could be observed. Each observer
was equipped with a head-set which kept him in constant
communication with the test conductor and ail other
observers, A vibration survey from 10 Hz to 300 Hz was
conducted. The test controller announced the vibration
frequencies as the sweep was continued, dwelling when
necessary to allow each observer to tag those items which
were responding to the input vibration and to record on
white rectangular tags the approximate frequency at which
the maximom excursion occurred. This procedure was
continued until all the components in the particular zone
bei 3 surveyed were investigated. Once this was accom-
plished, observers would request the test conductor to
dwell at the resonance frequency of each component

which they had tagged during e sweeps. The test com-
ductor dwelled at these frequencies, one at a time, starting
with the lowest, The motion of each resonating co-oonent
was studied to determine the severity of the reson -~ H
to define the requirements for a design change, it . -
deemed necessary, Colored rectangular tags, as specified in
Table 111, were attached to each component as it was
surveyed. These tags illustrated by their co.or whether
the component had a vibration problem, the severity of
that probiem, and if a redesign was needed or further
study was recommended.

Table 1]
Component Response Classification Tags
RECTANGULAR
TAGS DENOTE
Red Major response below 300 Hz -
Modification required
Yellow Major response below 300 Hz —
modification required but cannot
be incorporated — Further
investigation nesded
Bive No major response below 300 Hz —
No action required
Green Modification incorporated —
Redesign acceptable

If a design change was raquired, the necessary modi-
fication to the aircraft was installed; the component was
then resurveved to see whether the change was effective
or if more modification was needed. Design engineers
were available at the test site to “red line” instaltation
drawings on the spot, thus decreasing the time required
to incorporste the test modificauons into the production
drawing. If the recommended desgn change could not be
incorporated into the aircraft without major rework of the
local structure, th-.. the installution was preser.ied to the
review bo.rd for its consideration. 1t was the board's
responsibility to decide whether the instalistion was a

potential maintenance problem; and if it was, what course
of action would be taken. If the installation was classified
as noncritical, then it was accepted as designed. However,
if the item represented a potential maintenance probiem,
then it was selected for further investigation during future
flight test programs where the flight vibration environment
and component response would be measured. If the flight
data verified the ground survey findings, the recommended
change was incorporated. On the other hand, if the flight
data indicated the component installation was satisfactory,
no further action was taken.

The tabulation of all tagged components and the
scheduling of each recommended redesign was kept in
order by maintaining Iarge bulletin boards next to the
test site. These boards listed the items investigated, the
result of the investigation, and the recommended modifi-
cation. They aiso indicated whether review board action
was required and what action was taken,

The airconditioning compartmen: which is shown in
Figure 4 is a good example of the contrast involved in
analytically predicting the response of some component
installations versus determining the response during a
vibration test. Because of the complexity of this installa-
tion, analytical prediction of the response of the many
varied component installations is highly impeactical, On
the other hand, it is a relatively simple task to probe the
srea with s stroboscopic lamp during a vibeation survey,
Each component resonance frequency can be determined
and equated to known forcing function frequencies, A
failure to deal with this problem can reduce the aircraft’s
reliability through increased maintenance, cause aborted

combat missions, ground the aircraft until design changes
could be instalied,

Agide from the normal problems encountered in the
vibrauon test, one unique to this methodology is associated
with the length of time that enginecring personnet can use
high intensity stroboscopic lamps. A resonance type
phenomena is encountered involving the optic nerves and
alpha brain wave between 8 and 14 cps. After a short
period of time, disorientation and nausea were induced in
some personnel. A few individusls were restricted from
participating in the test because of this phenomena. All
were limited in the amount of time they were continuously
exposed tc the strobe lamp, The procedure used by VAC
was to have the engineers who were using the stroboscopic
famps to alternate their test coverage in two hour shifts,
with a two hour rest period between shifts.

TEST RESULTS

A combined total of 549 components and installations
were investigated within the A-7E aircraft. Out of this
total, 356 of these items, which had either a small amplifi-
cation factor at resonance or 4 resonance frequency in a
noncritical range, vere left as designed, i.e. no modification
needed. Of the remaining 193 items, A0 of these had large
vibration amvlitudes at resonance but could not be readily
reworked; so they were selected for turther investigation
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during future flig1t tests. The remaining 133 items were
corrected, either >y changing their natural frequencies,
introducing high damping or otherwise restricting motion
to attenuate their response to a negligible amplitude. The
modifications generally consisted of marriage clamps to
adjacent lines or tubes, additions of component attacn-
ments to adjacent structure or the alteration of localized
structure to change the mounting stiffuess characteristics
of the items. Some of these typical modifications can be
seen in Figure §, which is a photograph of a portion of
the inside wall of the engine bay. There are three different
types of test modifications shown in this figure: a
structural strap connecting several fuselage ribs together to
increase their stiffness; a2 support clamp on a hydraulic line
to increase its resonance frequency; and the modification
of a component mounting support bracket. All of these

Figure 5. Typical Component and Structural
Modification Used During Survey

test modifications were resurveyed to determine their
effectiveness. If they proved to be acceptable, then a
formal design change was initiated and incorporated into
the manufacturing process for the A-7E.

PROGRAM EFFECTIVENESS

Estimated cost efrectiveness is a key consideration
prior to the initiation of any program. Experience with
the XC-142A had shown some of the benefits to be
expected prior to the A-7E program, and a reasonably
good estimate could be made of the costs. Completion
of the survey finally required approximately 20 engineering
end test personnel for a one-month time period, Tests
were run on & 12-hour day, 6 days per week basis, in order
to hold the aircraft for a minimum time period. This
minimum required diversion of a production aircraft from
the line for 20 days. Costs following the survey, for
drawing change, production order changes, etc., are not
considered a part of the procedure cost, since they would
have been incurred later on some other besis.

Based on experience with the XC-142A, a primary
motivation in the vibration test was to survey all control

. of repeated hydraulic joint leaks, improving ground crew

system components and linkages that might result in a
critical flight failure. No unusual problems were found

in the survey and none have been experienced in flight.

It is at best difficult to quantitize effectiveness of a
program of this type; however, a review of the relisbility
and maintainability of two systems, hydraulic and electrical,
grossly exemplifies this elusive quantity. The A-7A/B had
presented a history of leakage in hydraulic connectors and
trombone type extension units as well as problems with
loose electrical connectors. The survey resulted in addi-
tional hydraulic line attachments and changes in the con-
nector seals, Minor changes were made at the time of the
survey on the extension unit seals, Flight test follow-up
later resulted in a change to flexible lines for the two
major extension units between airframe and engine
mounted hydraulic pump.

A

oo

In reviewing reliability and maintainability, at the
weapon systems level, a comparison of similar aircraft with
and without the changes showed an improvement of 21%
in the mean-time-between-failures (MTBF) for hydraulics on
changed aircraft, averaged over a one-year period. For the
same time period (and in different terms) the electrical
system showed a 14% decrease in direct-maintenance
manhours-per-flight-hour (OMMH/FH). Of course, total
credit cannot be given to the vibration survey for these
improvements since system improvements were being made
on other bases; however, flight acceptance of the A-7E vas
greatly aided due to solution of the hydraulic leakage
problem, which did directly result. If only 25% of the
indicated improvement is credited to the survey, it is easily
seen that the costs are amortized over just a short time
period for a few aircraft.

i

CONCLUSIONS

The ground vibrabiton survey on a production com-
plete aircraft, up to 300 Hz, has proved a very effective
tool in preventing environmental vibration problems on
two aircraft programs. The procedure is particularly
effective for complex installations, tubing and wiring runs,
and components that do not lend themselves to practical
theoretical analysi~. Direct benefits have been improved
systems reliability and msintainability; virtual elimination

performance; improved confidence in critical control

syster.: performance; a better weapon system, Peripheral
benefits were derived from the test procedure through
education of lead designers in component dynamic response.
In short, experience has shown the benefits to far outweigh
the costs in the two vehicles tested to date. The test pro-
cedures used on these programs have worked quite well,
and can be easily varied to suit other vehicles. VAC plans
to use this type survey on all future programs and can
highly recommend it to others
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DISCUSSION

Mr. Koen (Bell Laboratories): Why pick
300 Hz; why not higher frequency or lower?

Mr, Hutchinson: Strobe lights are not
much good over 500 Hz and our shaker was only
capable of going to 300 Hz.

Mr, Koen: How were you able to detect
resonance in the neighborhood of 100 to 300
Hz? Was it by visual means alone?

Mr., Hutchinson: Yes, it was strictly
visual using strobe lamps, watching displace-
ment and then determining if we had excessive
amplitudes, It is the judgement of the indi-
vidual holding the strobe lights, If he
considers the motions to be excesgive with
respect to the low vibration inputs, then he
marked it for further investigation,

Mr. Koen: It would seem difficult because
of the low displacements,

Mr, Hutchinson: Well, of course, if it is
a low displacement it won't produce much stress
in the design., You are really only worried
about the large displacements, If you get
large displacements with small inputs you will
probably have & problem when you fly.
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PROBABILITY DENSITY FUNCTIONS OF MEASURED DATA

Robert G. Merkle and Roger E. Thaller
Air Force Flight Dynamics Laboratory
Wright-Patterson Air Force Base, Chio

made at a number of points.

data.

In structural systems subject to complex distributions of randomly varying
external excitation forces, continuous measurements of system response are
Statistical measures of average, dispersion,
skewness, and kurtosis are defined and used to identify the mathematical
form of the probability density functions associated with such measured

A careful examination is made to determine the extent to which
variations in the shape of the probability density function were associated
with variation in sensor location and flight condition.

INTRODUCTION

Vibration surveys of aircraft and other
complex structural systems are commonly taken
by recording instantaneous acceleration time
history data for a fixed interval of time from
sensing devices at a large number of structural
locations under the full range of flight or
test conditions of interest (airspeeds, alti-
tudes, etc.). The resulting three dimensional
block of measurements, flight condition versus
sensor location versus time, constitutes the
input data for statistical analysis.

The purpose of this paper is to discuss a
statistical analysis technique in which these
recorded d.ta can be utilized to test hypoth-
eses concerning:

a. The probability density functions
associated with the time measurements for a
single location at a single flight condition.

b. The extent to which such proba-
bility density functions depend on sensor
location and on parameters specifying flight
conditions.

By comparing the statistics of the time
series histograms with the corresponding
parameters associated with theoretical proba-
bility density functions (pdf), the form of the
pdf will be determined. As an example of this
procedure, comparison of the statistics of a
set of actual time histories with parameters of
theoretical probability density functions will
test the hypothesis that the time history data
follows one of these probability densities
{1, 2]. Further analysis will determine
whether this form of prolubility density
function is independent of flight condition
and sensor location.

161

The probability density functions provide
the basis for estimating the rate of occurrence
of extreme values of acceleration and sound
pressure level., These extreme values may cause
catastrophic failure or greatly accelerate
fatigue damage. If the form of the probability
density function is independent of sensor loca-
tion and flight condition, then estimating the
rate of occurrence of extreme values of vibra-
tion is simpler and less expensive.

Knowledge of the probability density
function of the input time history data is
useful in establishing the density function
associated with important measures of vibration
and acoustic intensity such as overall mean
square values and estimates of power spectral
density [2, 3)}. Statistical theory indicates
how one can obtain the probability density of
data derived by taking a mathematical function
of other data having a known pdf. Since vibra-
tion and acoustic data analyzers operate by
performing known sequences of mathematical
operations on the input data, the pdf of the
analyzer output depends solely on the pdf of
the data input.

STATISTICAL MEASURES

A set of observations for any variable can
be characterized by an overall average value as
well as some measure of dispersion or scatter
in the data. In addition, whenever such a
distribution of observed values is arranged in
the bar graph form, characteristics related to
the symmetry and shape of the distribution
become evident, These concepts are quantified
in the next few paragraphs.

Let xi, i = 1...N denote a sample of N
observations of the variable x. If the range
of x is subdivided into a series of m adjacent

gt SRR

.
S

PN s

R




T Aumamem e

[

¥ 3%
i
o

A

,.m
i3

e
by %

.
-
P i

LER R T E .

T

— e D b R

R

—

intervals by the ordered sequence of values
X5 k = 0...m, m<<N, then the function yu={(xy)
can be defined to mean the mumber of observa-
tions that fall in the interval xj_1<X<Xy. An
example of such a function is plotted as' a
histogram in Figure la,

flx,) tix)

Xo Ry Ko Q [3 X

Fig. 1a - Histogram Fig. 1b - Frequency
Distribution Function

For large numbers of observations and more
refined subdivisions, such histograms approxi-
mate continuous mathematical functions illus-
trated in Figure 1b. Here the total area under
the curve f(x) represents the total mummber of
observations and the shaded area between the
curve and any fixed interval on the x axis
represents the number of observations expected
to fall in that interval, If the area under
the curve in Figure 1b is normalized to one by
dividing £(x) by the total number of observa-
tions, the shaded area then represents the
probability that a randomly selected observa-
tion x; will fall in the underlying x interval.
The probability density, p(x), the value of the
ordinate in such a normalized curve, is defined
as the limit of the ratio of the probability
associated with a given interval to the length
of the interval as the latter approaches zero.

Statistics characterizing histograms and
probability density functions can be defined
in terms of the observation x and the contin-
uous x variate of the probability density
function. The most useful measure of average
value is given by the arithmetic mean defined
respectively as follows:

- X3
DN

i=1
and

u=j¢ xp(x)dx )

The mean value illustrated at x=c in Figure 1b
is the x coordinate of the centroid (or balance
point) of the area enclosed by the curve and
the x axis. The median or middle value illus-
trated at x=b in Figure 1b is the x coordinate
of the vertical line dividing the enclosed area
in half. The mode illustrated at x=a in

Figure 1b is the most frequently occurring
value of x.

Another attribute of interest for measured
data or probability density functions is some
measure of the scatter or variability in the
data, The mean square deviation from the mean
value is called the variance and its square root
is called the standard deviation. Expressing
the variance mathematically for both observed

data and probability density functions gives: ¢
N
52 - E g;%iX)Z .
il
and
g
o = jumﬁpmu @
-0

where X and u are as defined previously in
Equation 1.

Both the mean and variance are related to
a more general set of statistics called the
moments of a probability density function.
Moments are useful in specifying the shape of a
pdf. The j th moment about point a is defined
as follows for observed data and probability
density functions respectively:

i gxi_alj
N

i=l

j&ﬂ%mMjﬂ,Ln- 3)

o

The first moment about zero is simply the
arithmetic mean given in Equation 1 and the
second moment about the mean is the variance
given in Equation 2. Higher moments are
related to other characteristics of statistical
data that govern the shape of the probability
density function.

In order to specify the higher moments in
a more useful form the effect of uniformm )
changes in the observations on their mean value
and standard deviation should be noted. Adding
or subtracting a constant to each observation
will add or subtract the same amount to the
mean value but leave the standard deviation
unchanged. On the other hand multiplying or
dividing each observation by constant value
will multiply or divide both the mean value and
the standard deviation by the same constant.
In either kind of uniform change the relative
magnitudes of the deviations from the mean and
consequently the shape of the histogram of
frequency distribution function remains

s oo e s o




g unchanged. A special case of uniform changes is N ’
' E of interest: first subtracting the mean value xi-X \ (xiX)
from each observation and then dividing the ( 3
- result by the standard deviation to form a new 11 i1
set of standardized data having a mean value of ==L =5 b
zero and a standard deviation of one. Stand- s ‘ :
ardized data are quite useful in studying '
characteristics of statistical data related to ®
the shape of the probability density function x-pY 1 ©
and in measuring the correlation between two ( ";;‘) P(X)dx=zy | (x-1)"p(x)dx = Bz
variables. oo oo
-
The first four moments of the standardized The standardized third moment ¥8: called %
value of x are as follows: the coefficient of skewness is necessarily zero 5
for symmetric probability density functions in
which p(x) = p(-x). (Sufficient conditions for
) N - N - symmetry require that all odd moments equal
( Xxi-X (xi X ) ' zero.) For probability density functions
% S skewed to the right as in Figure 1b, ¥B, > 0, »
171 .1 i1 -0 for those skewed to the left ¥Bi < 0. e R .
N 5 ) i standardized fourth moment 8, called the AR
kurtosis is associated with the varying degree W e
of concentration about the mean that is possible A
for probability density functions having the S '
] same mean and standard deviation as shown in AR
\ gzc_u) p(x)dx=1 | (x-p)p{x)dx = 0 Figure 2, -
] g ;
- -® px)
>
% 7k
'
) By

S

<Xi'f (Xi‘.f)z '3
S Fig. 2 - Kurtosis Variations In
N =1

i=] =1 j=1 Probability Density Functions
~2 N
s Values of the skewness ¥Br and the
kurtosis B2 for several probability densities
of theoretical and practical interest are given
in the next section.

x-u\? 2
25 p)dx = L { (x-u dx =1
jg ) P ozﬁx @) PROBABILITY DENSITY FUNCTIONS

Square, sinusoidal, and triangular waves
comonly used in instrumentation laboratories
are each associated with probability density
functions of theoretical interest. In each

s

case shown in Figure 3 the mean value u is set
x:-x \! (x.-’)’ equal to zero, the root mean square value (or
- 1 standard deviation) is set equal to o by choos-
=) s 1555 ing the appropriate wave amplitude, and the
-1—-—“-——- -5 L—N__.__ = by coefficient of skevmess 8; is zero due to the

symmetry with respect to positive and negative
values. Illustrations of the kurtosis B8,
© - values indicated in Figure 3 are, thgrefore,
ﬂ)’ px)dxsl ( (x-u)*p(x)dx =1 those associated with the corresponding pdf
] o shapes.,
-0 -
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Fig. 3 - Wave Form Probability Densities
The normal or Gaussian probability density

function shown in Figure 4 is the most important
in statistics for randomly varying quantities.
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Fig. 4 - Normal Probability Density Function

For the noimal probability density function
the mear., median, and mode all coincide and
have the value of the parameter p. The stand-
ard deviation given by the second parameter o
is always the difference between the
x-coordinates of the mode and the point of
inflection or maximum slope on either side.
Since the normal pdf is symmetric the coeffi-
cient of skewness +B:1 is zero. The coefficient
of kurtosis has a value of 3 for all values of
the parameters p and o.

The nommal pdf is not only the basic
distribution law for many stochastic processes
but also plays a vital role in statistics. If
samples of size n are repeatedly drawn from a
normal population and mean values are computed,
these means thomselves constitute a new nomal
distribution with a mean value equal to the
mean of the parent population, u_ .y, and 2

R X
standard deviation equal to the standard
deviation of the parent population divided by
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1
the sample size, o_ = o/n%. Therefore, a mean

value computed fro’n‘n one sample is, in reality,
a single observation from this sampling distri-
bution of the mean and o/n¥:, called the
standard error, is it's measure of variability.
Even when the parent population is not normally
distributed the distribution of sample means
still approaches the normal distribution as the
sample size increases. It is this property that
gives the normal probability density function
its position of importance in statistics.

TIME-HISTORY MEASUREMENTS

Analysis of a set of time histories was
performed as an example of procedures for
determining the characteristics of probability
density functions of test data. The time
histories are measurements of vibration of the
QRC-33S electronic equipment carried as an
external store mounted under the wing of a jet
aircraft, the RF-4C. Figure 5 is a sketch of
the QRC-335, The boxes and lines depict the
locations of four accelerometers and four
microphones mounted parallel to the structure.
The first two accelerometers were mounted in the
vertical direction; the second pair of acceler-
ometers were in the lateral direction. Accord-
ing to their direction and their location on the
QRC-335, the accelerometers were classified in
contrasting groups for regressicn analysis. The
microphones were also classified into contrast-
ing grouns, based upon their location on the
store. The classifications of accelerometers
ar " microphones are illustrated in Table 1.
“wie 2 is a summary of the twenty-one condi-
tions under which tests were conducted.
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Fig. 5 - Location of Sensors

TABLE 1
Age ETER ANO MCROPHONE EMSTIC
ACCELER- ONTAL TOP OR  HORIZONTAL
| VERTICAL AFT s SOTTOM  FORWMAD
2 VERTICAL  FORWAND s To» T
3 LATERML  FORWMAD 4 TOP  FORWARD
4 LATERAL AfY s TP FORMAAD

The data measured by the instruments during
flight tests were in part due to boundary layer
turbulence and, in part, due to jet engine
noise, even though the QRC-335 was not located
directly in the jet stream,
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TABLE 2
AIRCRAFT FLIGHT CONDITION CODES
CODE MACH ALT CODE MACH ALT CODE MACH ALY

~ & s 6N -~

80 2000}8
.85 2000{9
70 2000110
186 200014
.80 200012
.88 200013
90 200014

98 200018
1.00 2000 hie
.08 2000 }17
LI0 2000 |i8
LIS 2000 (e
5 2000 {20
80 3000 {21

8% 31,000
.70 3,000
18 3,000
80 34,000
.88 31,000
S0 2,000
98 34,000

Table 2 is a summary of the twenty-one
conditions under which the test was conducted.
A sample of 250 points was taken from an analog
time history from each accelerometer and micro-
phone at each flight condition. A computer
program was used to calculate the skewness and
xurtosis for each distribution of 250 points,
Figure 6 is a plot of the skewness and kurtosis
for each distribution of acceleration data and
Figure 7 is a plot of the skewness and kurtosis
of acoustic data. Plots of the skewness and
kurtosis of various theoretical distributions
are also indicated on the same figures. These
figures show that almost all the skewness and
kurtosis points are clustered very close to the
peint 8, = 0 and 8, = 3,

X GAUSSIAN

| ITY
DERSAY FUNC-
TION OF SINU-
SOIDAL DATA

J Y A onda, ; .

(+] [ 2 3 4
By

SKEWNESS

Fig. 7 - Awplitude Probability Density Of
Acoustic Data

QRC Time History

X GAUSSIAN Table 3 shows the ranges of the skcwn..s
® s PROMUU; Y (VB;) and kurtosis (8,) for both accelerometers
m w’ and microphones. The extreme values of the two
2 SOIDAL DATA statistics are given, along with the associated
sensor identification and flight condition
o information,
i TAME 3
ab  ~ew AN STATISTICS
. .
1.C_|SENSOR] MACH] ALT
| ACCELEROME rEP a
o MNMUM SR wre, w , *% lo9ws 2000
Q41 MAXIMUM SKEWNE® «® | o1 1100|2000
MIOMUM KURTOSIS 203 o3 |108] 2000
MAXIMUM KURTOSIS 6 | e3 70 | 31000
MICROPHONE
5I MMM SKEWNESS -710 | o8 | .98)|m000
MAXIMUM SKEWNESS «402 | o8 | .06{M000
MINMRM  KURTOSIS 199 | e7 .70 jz000
MAXIMUM  KUNTONG cis | o8 .95 | 3000
1 { J ,
[ [} ﬁz 3 4 :
f .
The question arises as to whether the range
SKEWNESS i b

Acceleration Data

Fig. 6 - Amplitude Probability Density Fc

QRC Time History

of variation in skewness and kurtosis indicated
in this table are the result of sampling error
or whether they are related to sensor location,
mach, and altitude. This matter is treated
mt.
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PROBABILITY DENSITY OF MEASURED DATA

One might hypothesize that the basic form
or type of probability density function associ-
ated with the vibration time history data will
remain the same even though the overall ms
value of the time history will vary signifi-
cantly from one sensor to another and from one
flight condition to another. If this is so
then the coefficients of skewness and kurtosis
which are statistical measures of the symmetry
and peakedness of the probability density
should remain the same for all sensors and test
conditions. To test this conjecture we assume
for both vibration and acoustic statistics a
general linear hypothesis model of the form:

b(xi-')a + c(yi-?) j=1....8 (4)

i TR T

where

a,.. is the expected skewness or kurtosis for
1, s O s
sen;or j at flight condition i,

aj is the mean skewness or kurtosis of sensor
j over all flight conditions,

xj and X are respectively altitude codes
(xi = 0 at 31,000 feet and X, = 1 at 2,600

feet) and the corresponding mean value,

y; and ¥ are respectively the mach number of

ﬂ‘iight condition i and the mean mach mumber,
an

b and ¢ are regression coefficients having
values which minimize the rms value of the
difference between the measured and computed
values of the ajj,

Actual computations were carried out using
Program 06V, ''General Linear Hypothesis with
Contrasts,” from Biomedical Programs, Ref. [4].
Estimates and standard errors for the a, b, and
c coefficients in Bquation 4 were computed for
four Jifferent cases: skewness and kurtosis
for vibration data shown in Table 4 and
skewness and kurtosis for acoustic data shown
in Table 5.

TABLE 4
ACCELERATION STATTICS
ACCELEROMETER IKEWNESS XURTOSIS
SYMIOL POBTION  ESTIMATE STO DEV ESTIMATE  $TO DEV

s, VERT AFT  -.040 oW 2w 48
§  VERT,PWD. 083 o0 288 486
§  LATERAL,FWD .00 09 247 .48
&, LATERAL,AFT-0N o 2wm ..
» ATTVOE  -.0e7 030 o 308
¢ WACH Nr 088 onr 28 1.04

186

&
TABLE 5
ACOUSTIC STATISTICS
MICROPHONE SKEWNESS KURTOSIS
SYMROL  POSITION ESTIMATE STD DEV ESTIMATE S10 DEV
o POTTOM,FWD 023 .03 276 A8
% TOP, AFT 080 .03 324 asi
o TOP, FWD 008 038 254 451
a TOP, FWD o076 038 300 A8t
b ALTITUDE ozr .03 on 348
¢ MACH Ne 045 09! 25 1069

In Table 1 accelerometers and microphones
were identified according to their direction
and location. The contrasts of Table 6 and 7
indicate whether these diffcrences result in
significantly different vaiues of skewness and
kurtosis. For example, Tehle 1 indicates
sensors 1 and 2 are vertically oriented and
sensors 3 and 4 laterally directed. If skew-
ness is not related to direction, then the
average value of skewness for 1 and 2 should be
about the same as for 3 and 4, and their
difference should be about zero. In symbols

a,*a, _ a,%a, , a,%3,°3,-3, .
2 2z 2

This is the difference shown in the first
line, third column, of Table 6 for the vertical-
lateral skewness contract. The actual differ-
ence from measured data is given in the fourth
colum and its associated standard error in the
last colum. A similar line of reasoning
applies to the remaining lines of Tables 6 and
7. These results all come from the same
computer program cited for Tables 4 and 5.

TABLE 6
CONTRASTS FOR ACCELEROMETERS
CONTRAST | STATISTIC OFFERENCE | ESTIMATE[STD EmmoR
VERT—LAT | SKEWNESS | tee0,05-0072 | -001 |003®
FWO-AFT | SKEWNESS | (eee,-0-00/2 | 040 | QO3S
VERTALAT | xuRTomS | Wes-0;00/2 | -0 |oass
FWO-AFY | KURTOBIS | tegen0-a /2 | -278 | O4ass
TABLE 7
CONTAASTS FOR MICROPHONES
contrast | smmemc
NT-FWD SKEWNESS aglagrepe)/s
BOYTOM-TOP | SKEWNESS q‘-h.n'o.)ls
APY-FWD KURTOSS aglagepe)/3
MOTTON-TOP| KUATOBIS oplagepa )3
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Examining the last two tables first, one
notes that none of the contrast estimates
differ from zero by more than the value of its
standard error except for one case where the
estimate and error are approximately equal.
Thus, no reference to statistical tables is
necessary to conclude that these data are
consistent with the hypothesis that variation
in the direction and location of measurement
points are not associated with statistically
significant variations in either the skewness
or kurtosis statistics of vibration and
acoustic time history data. This, in turn, is
entirely consistent with the original conjec-
ture that the form of the probability density
is independent of the location and direction of
the measurements.

Examining next the b and c regression
coefficients in the last two lines of Tables 4
and S one again notes that in all four cases
the estimate differs from its standard devia-
tion by less than the value of its standard
crror. Again this leads directly to the
conclusion that variations in altitude and mach
number are nct associated with statistically
significant variations in either the skewness
or kurtosis statistics of vibration and acoustic
time history data. This in turn, is entirely
consistent with the original conjecture that
the form of the probability density function is
independent of the flight conditions at which
the measurements were taken.

Finally the skewness and kurtosis cstimates
in Tables 4 and § are examined in the light of
similar values for the theoretical pdf's given
previously. Since contrasts of the kind shown
in Table 6 indicate no statistically signifi-
cant differences in skewness or kurtosis
estimates between any pair of measurements, a
single estimate of a may be obtained by taking
the mean value of the four estimates in each
group shown in Tables 4 and 5. Since the
standard deviation of the four estimates in
each group is the same, dividing it by the
square root of the group size, = 2, gives
the standard deviation associated with the
single mean value estimate for each group.
These results are indicated in Table 8.

TABLE 8
SKEWNESS AND KURTONS ESTIMATES

SKEWNESS KURTOSS

ESTIMATE  STD ORV ESTMATE STD DRV
VIRATION DATA - 008 020 25 3
ACOUSTIC DATA  ~.042 o 2 .22¢

These estimates may be compared with the
known values of 0 and 3 for the skewness and
kurtosis of the normal probability density
function. For vibration data both the skewness
and kurtosis estimates fall within one standard
deviation of the 0 and 3 values respectively.
Therefore, these data provide no statistically

4

significant evidence for rejecting a normal pdf
assumption for vibration time history data.

For acoustic data the kurtosis falls within one
standard deviation of 3 but the skewness

estimate is 2,21 standard deviations below zero.

A 99 percent confidence interval for each of
these four tests separately would be required
to have about 96 percent confidence for all
four simultaneously, This, in turm, implies a
confidence interval of 2.58 standard deviations
on either side of the estimates, a range which
includes 0. Therefore, these data provide no
statistically significant evidence for reject-
ing a normal pdf assumption for acoustic time
history data. Of course the more powerful
chi-square test could have been used for this
purpose but this test provides no information
at all about what the pdf should be if the
assumed form is not consistent with the
measured data. With computed values of skew-
ness and kurtosis, on the other hand, one
simply selects mathematical probability density
forms which exhibit similar values of thesc
parameters. Having selected such a form one
can still go on and perform the chi-
In the present case the data provided so little
evidence of non-normality that further testing
was considered unnecessary.

Sinusgidal vibration is generated from
imperfections in engine turbine shaft balance
and transmitted t the structure.

Since the pdf associated with sinusoidal data
has a kurtosis of 1.5 (Figure 3), its presence
might be expected to reduce the kurtosis of
observed data somewhat below the value of ?
expected from sources of random vibration. In
a laboratory test sinusoidal and random vibra-
tion having tha same ms value were summed, and
the kurtosis of the resulting data was found to
be 2.62. The 2.8 values shown in Table 8 thus
suggest a predominance of random vibration with
some simusoidal present. This conforms to what
might be expected from engineering judgments.

CONCLUSIONS

Based on the comparison of the statistics
of the time series histograms with the para-
meters of the Gaussian probability density
function, the hypothesis that the time data
follows a Gaussian pdf canmmot be rejected.
According to the results of the tests performed
with the BMUOGV, the hypothesis that pdf is

t of sensor location and flight
condition also canmnot be rejected.

The form of the probability density func-
tion can also be used to obtain the frequency
of occurrence of extreme values. These extreme
values may severely damsge aircraft. As noted
in the introduction, knowledge of the shape of
the pdf of the time history data may also be
used to obtain the pdf of other t
measures of vibration data which are functions
of the time history.

square test,
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Once the fowm of the time history pdf is
determined to be independent of changes in
flight condition and sensor location, the
skewness and kurtosis can be calculated once
for a'l the data collected during the test.
It remains necessary to calculate the mean
and variance for the sets of data associated
with each combination of sensor location and

flight condition.
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